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Abstract 
  
 The research presented in this thesis is a collection of many different, yet 
connected, parts that stemmed from the development of a new alternative material 
intended to be utilised as anode material in solid oxide fuel cells. The main part is the 
research conducted in the development and characterisation of the novel A-site deficient 
La0.2Sr0.7-xCaxTiO3. Calcium introduction resulted in reducing this perovskite unit cell 
volume which, at the beginning, enhanced its electrical conductivity in reducing 
conditions. However, the ideal cubic symmetry could not be maintained, as in the 
starting material La0.2Sr0.7TiO3, as a result of the increased A-site ionic radius mismatch 
and two lower symmetries were observed at room temperature. These were the 
tetragonal I4/mcm for compositions with 0.1 ≤ x ≤ 0.35 and orthorhombic Pbnm for 
those with 0.4 ≤ x ≤ 0.7. Neutron powder diffraction (NPD) studies conducted at 
elevated temperatures, up to 900oC, showed that the orthorhombic samples transformed 
into higher symmetries with Pbnm → I4/mcm → Pm3-m phase transitions. Detailed 
crystallographic analysis is discussed; where the different unit cells showed changes to 
the tilts of the BO6 octahedra, along with small distortions to these octahedra. DC 
conductivity measurements showed a high electrical conductivity of 27.5 S/cm for a 
pre-reduced composition of La0.2Sr0.25Ca0.45TiO3 at 900
oC and pO2 = 10
-19 atm. This 
material showed very encouraging features which makes it a very promising anode 
material for SOFCs. 
A study was also done which explores the best renewable energy options for the 
United Arab Emirates given its local climate and other aspects. The reliance on seawater 
desalination is argued to by un-sustainable for different reasons. Thus, water security 
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should be a main element in the planning process for adopting renewable energy 
technologies. A system that combines different technologies; with a focus on fuel cells 
technology; is outlined which is thought of to be a very promising basis for a broader 
system that will secure power and water in a very environment friendly way.  
Different compositions of the system La0.2Sr0.7-xCaxTiO3 were also studied using 
AC impedance spectroscopy in order to establish whether or not this system can show a 
ferroelectric behaviour. Results showed a variation in the dielectric constant of different 
samples with temperature; however, no Curie point was observed. Nonetheless, the 
results did show that the different compositions were very homogeneous when fully 
oxygenated and there were some indications of possible symmetry changes at sub-
ambient temperatures.  
The final part of this thesis outlined the work done towards the development of a 
new analytical instrument. An existing TGA instrument was altered in order to provide 
a simultaneous thermogravimetric analysis and DC conductivity measurement for solid 
solutions at controlled temperature and oxygen partial pressure. Results were obtained 
for different samples of the system La0.2Sr0.7-xCaxTiO3 which showed a great 
dependence of the electrical conductivity on the oxygen stoichiometry in these oxides. 
Also, a direct method is possible with this instrument to estimate the oxygen chemical 
diffusion coefficient using the electrical conductivity relaxation method. This new setup 
will be very useful for different electrochemical and thermal studies which can broaden 
the understanding of the different mechanisms that affect the performance of different 
solid state materials.  
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1.1 - Introduction 
 Global warming is one of the most talked about phenomena around the world 
nowadays and the continuing growth in population, especially in developing countries, 
brings us to a very peculiar situation. Many are calling to lower human impact on the 
planet delicate ecosystem and environment. However, for many others, power is 
essential to survive. Different ideas and schemes are being thought of on a daily basis to 
combine the two necessities. Renewable energy is a term that is widely mentioned 
nowadays. Using renewable sources to generate power is very much achievable; 
whether it is solar, wind, tidal, etc.; but there is a catch. Efficiency and practicality of 
such technologies are essential for adopting them, especially in a world where fossil 
fuels are more accessible and easily used to generate power. 
 The majority of power generation methods employed nowadays rely on fossil 
fuels. Aside from the harmful environmental impact, these techniques will eventually be 
very expensive in the future. At the current consumption rates of hydrocarbon based 
fuels; the prices will eventually increase due to diminishing reserves and increasing 
demands. It might be more convenient today to use fossil fuels to feed energy demands 
of different economies, but, the question is how long it will last.  
 Renewable sources are up for grasp, but it becomes the duty of many scientists 
and engineers in different disciplines to improve and develop reliable environmentally 
friendly technologies. One of the most promising techniques is fuel cell technology, 
which has gained quite a momentum in the past few years.[1] These electrochemical 
devices, in principle, convert chemical energy directly into electricity without any 
moving parts, yielding high efficiencies. With zero emission, when used with hydrogen, 
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fuel cells are indeed very attractive alternatives. These can supply power as long as they 
are supplied with fuel, unlike other renewable technologies that depend on different 
natural conditions, which can be unreliable in many occasions. Fuel cells do hold the 
potential of providing on demand and readily available power, very efficiently and with 
a very low impact on the environment. 
Despite the very enticing characteristics that fuel cells promise, there are many 
barriers; as shall be discussed herein; that need to be overcome to make this technology 
very competitive in current and future economical conditions and to encourage its 
adoption as the next generation energy production utility in the near future.  
1.2 - Background 
1.2.1 - Fuel Cells 
As mentioned earlier, a fuel cell is a device that transforms chemical energy into 
electrical energy.[2,3] In 1839, Sir William Grove discovered that it was possible to 
generate electricity through the reversal of water electrolysis, by supplying hydrogen 
and oxygen to a cell, he managed to generate a weak current, thus, forming the basis of 
a fuel cell.[4,45] Fuel cells are offering high efficiency power generation mechanism 
with the by-products of a hydrogen fuel cell are just heat and water; hence, zero 
emission.[5] Compared to conventional energy generation mechanisms fuel cells are 
more efficient, reliable, fuel flexible and environmentally friendly.[6] For example, 
combining fuel cells with gas turbines can enhance the efficiency by up to 70%; i.e. heat 
from a high temperature fuel cell utilised to drive a gas/steam turbine.[3,54] A typical 
fuel cell is shown in figure 1.1. These cells are mainly driven by the chemical potential 
4 
 
difference between the fuel and the air compartments; i.e. low oxygen partial pressure 
and high oxygen partial pressure, respectively.[48]  
 
Figure 1.1: Schematic of a solid oxide fuel cell where hydrogen used as fuel.[7] 
A typical fuel cell, like a battery, is made up from three parts, the anode, 
electrolyte and finally the cathode. Both electrodes should be porous; to allow diffusion 
of the different gasses; while the electrolyte must be very dense to separate and isolate 
the fuel and air compartments. The electrolyte should also be electrically insulating at 
operating conditions to avoid short circuiting the cell. Typically; i.e. in a solid oxide 
fuel cell; oxygen gas is reduced at the cathode and the resulting ions are transferred 
from the cathode through the electrolyte to the anode where they oxidise the hydrogen 
fuel, releasing electrons and forming water.  
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The reactions that take place at the electrodes of a hydrogen based fuel cell are 
the following: 
Cathode Reaction:  
1
2
𝑂2 +  2𝑒
− = 𝑂2− 
Anode Reaction:  𝐻2 +  𝑂
2− =  𝐻2𝑂 + 2𝑒
− 
Thus, it is already clear the potential of fuel cells towards an environmentally 
friendly energy production. Usually, a single fuel cell generates a small voltage and that 
is why many cells are stacked together to produce sufficient useful power. Depending 
on the application, fuel cells come in different sizes; i.e. power output; and shapes; e.g. 
planar, tubular. There are many types of fuel cells, mainly, Polymer Electrolyte 
Membrane (PEM), Alkali Fuel Cell (AFC), Phosphoric Acid Fuel Cell (PAFC), Molten 
Carbonate Fuel Cell (MCFC) and Solid Oxide Fuel Cell (SOFC). These types differ 
greatly in terms of operating temperatures, fuel types, efficiency, etc.; however, the 
main difference is the material of choice used as the electrolyte in those fuel cells. A 
good comparison between the different types of fuel cells can be found in reference 
[55].  
While other types of fuel cells offer great properties, solid oxide fuel cell 
(SOFC) is one of the most promising techniques for a renewable energy generation. As 
the name suggest, this fuel cell is based on a solid oxide material as its electrolyte. 
SOFCs have high energy efficiency (60% efficiency) compared to conventional engines 
as well as other types of fuel cells.[8,55] One of the major challenges for adopting 
hydrogen fuel cells is the need for hydrogen rich or high purity hydrogen fuels.[9] Thus, 
having fuel flexible fuel cells is very much desirable. Fuel flexibility is a major driver in 
the development of fuel cells.[8] Thus, SOFCs are favoured because they show good 
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fuel flexibility with tolerance to impurities in fuels.[9,10,11] This flexibility comes from 
the high operating temperatures of SOFCs; usually higher than 650oC; which allow for 
internal reforming of different fuels, thus, removing the need for external purifying and 
reforming systems.[6,8,11,53] One  of the reasons for high temperature operation is that 
the ionic conductivity of the electrolyte increases with temperature; as well as; the 
performance of the electrodes.[5,11] These high temperatures put huge strains on the 
different components of a fuel cell so the choice of materials is very important in 
designing a useful system. A major area in the research in fuel cell technology is finding 
alternative materials that can withstand the extreme conditions and provide the 
necessary performances while keeping a low cost. In general, degradation of SOFCs 
consists of many different mechanisms, that may include chromium poisoning of the 
cathode; i.e. from the interconnect steel; contact resistance, stability of the different 
layers/components and fuel related effects; e.g. coking and sulphur poisoning.[52] 
Cathodes must be compatible with the electrolyte in terms of thermal expansion 
coefficient, while having a high catalytic activity towards dissociation of oxygen. Also, 
mixed ionic and electronic conductivity is necessary for optimum conversion 
efficiency.[9] The electrolyte on the other hand must be very dense, stable and have a 
high ionic conductivity at different temperatures and atmospheres; i.e. reducing and 
oxidising. Finally, the anode must have high electronic conductivity, some ionic 
conductivity and good catalytic activity towards the oxidation of the fuel.[12] Also, it 
must be compatible with the electrolyte material of the cell, both mechanically and 
chemically. Both electrodes should have sufficient porosity to allow for easy diffusion 
of the different reactants/products. Currently, state of the art SOFCs are based on 
yttrium-stabilised zirconia (YSZ) as electrolyte, Ni-YSZ cermet as anode and strontium 
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doped LaMnO3 (LSM) as cathode. Interconnects are usually made from substituted 
lanthanum chromites, chromium alloys and steels.[5,9] Since this work is concerned 
with developing a new anode material for SOFCs, the following discussions will focus 
on the current efforts in developing alternative anode materials.  
1.2.2 - General Considerations 
 In most fuel cells, there are many sources of loss that lower the overall 
efficiency and performance. Most researchers focus on lowering these losses through 
materials research. If we consider a fuel cell under load, its voltage output is given by: 
𝑉 = 𝐸𝑜 − 𝐼𝑅 − 𝜂𝑐 − 𝜂𝑎  (1.1) 
Where Eo is the theoretical ideal voltage of the cell under open circuit conditions 
(OCV), I is the current passing through the cell, R is the ohmic resistance of the cell, ηc 
is the cathode polarisation loss and ηa is that of the anode.[3] The OCV of a cell can be 
obtained using Nernst equation and it is equal to 1.01V at 800oC with pure hydrogen at 
the anode and air at the cathode.[9,13] While the second term, IR, can be lowered using 
a thinner electrolyte, which will minimise the ohmic resistance[3], the anode and 
cathode losses contain many factors.  
The resistance of the anode of a fuel cell comes from internal resistance, contact 
resistance, concentration polarisation resistance and activation polarisation resistance. 
Internal resistance is the resistance against the flow of electrons within the electrode 
which is affected by the thickness of the anode and its resistivity/conductivity. Contact 
resistance arises from poor contact between the anode and other components; e.g. 
electrolyte; which can result from poor matching of the thermal expansion coefficient 
between the different layers. The concentration polarisation resistance is controlled by 
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the porosity of the anode and how efficient its microstructure in facilitating the 
movement of the different gasses; e.g. hydrogen, water vapour; in and out of the anode 
structure. Activation polarisation resistance is dominated by the surface area of the 
triple phase boundary (TPB) and the catalytic activity of the anode.[3] The TPB, shown 
in figure 1.2, is defined as the site where the electrolyte, anode and the gas phases are in 
contact with each other; which is where the electrochemical reaction takes place.[9] 
 
Figure 1.2: Schematic showing the TPB of a Ni-YSZ anode.[16] 
In order to increase the size or extent of the TPB, many researchers are aiming at mixed 
ionic and electronic conductive (MIEC) materials. During operation of a typical fuel 
cell, at low current density, the performance of a typical fuel cell is greatly affected by 
the activation polarisation resistance arising from the electrodes catalytic activities. As 
the current density increases, the ohmic resistance decreases and dominates the 
operational voltage of a fuel cell. Finally, at high current densities, the concentration 
polarisation resistance is the one that dominates the cell performance.[3,50,51] This is 
best illustrated in figure 1.3; where the dominance of the different resistances is shown. 
Thus, to improve the performance of fuel cells, all of these losses should be minimised.  
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Figure 1.3: Typical V-I characteristic for a fuel cell.[49] 
Taking into account all the variables that affect an anode’s performance, it is 
clear that the challenge is difficult. For example, if we improve the TPB for example, by 
having higher porosity, we can increase the internal resistance since there is less 
conductive material that transfers the generated electrons, as well as, lowering the 
mechanical stability of the anode. The latter is very important in the development of 
electrode supported SOFCs; i.e. thinner electrolyte; to lower the ohmic resistance of the 
electrolyte.  
 Thus, it is important that SOFC anodes have high electronic conductivity, good 
ionic conductivity, high catalytic activity for fuel oxidation, good porosity, thermal 
expansion coefficient close and matching that of the electrolyte material, redox cycling 
stability and good chemical and mechanical stability with other components of the fuel 
cell; e.g. interconnects. Much of these aspects can be addressed through finding new 
materials or through improvements in design of existing materials that are already used 
in current fuel cell systems.  
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1.2.3 - The Ni-YSZ cermet 
 Ni-YSZ is the most used cermet as anode in SOFCs because it offers high 
catalytic activity for fuel oxidation, high electrical and ionic conductivity, chemical and 
mechanical stability, low cost and easy processing.[3,8,11,12] This anode can be broken 
into two phases, the nickel metal phase is used mainly to increase the catalytic activity 
of the anode towards oxidation of hydrogen and to enhance the electronic 
conductivity.[48] The ceramic phase YSZ is used to extend the electrochemical reaction 
further inside the anode away from the electrolyte by providing some ionic 
conductivity; which expands the triple phase boundary (TPB) surface area; thus 
lowering the activation polarisation resistance; as well as, matching the thermal 
expansion coefficient of the YSZ electrolyte.[3,48] As the properties of Ni-YSZ cermets 
are excellent for use in fuel cells, there are some drawbacks that should be considered.  
As discussed earlier, fuel flexibility is important if fuel cells are to be used on a 
wider scale. Hydrogen production is majorly based on methane steam reforming; which 
is in a way against what fuel cells are meant to accomplish. When operated with 
hydrocarbon based fuels, Ni-YSZ properties deteriorate significantly. Carbon deposition 
on the anode and sulphur poisoning are the two major problems with Ni-YSZ.[3,8,9,11] 
Both can lead to severe degradation in the performance of the anode, as well as, its 
stability. According to Gong et al.[8], sulphur poisoning can take place in Ni-YSZ by 
two mechanisms. One, by the adsorption or chemisorption of H2S by the catalytically 
active sites; rendering them inactive. The other, by sulfidation; which is a reaction 
between sulphur and the anode material that can lead to instability and poor 
conductivity and catalytic activity. Ni-YSZ can be affected by the smallest traces of 
sulphur; as small as   1-2 ppm can severely degrade the performance of the anode.[9,14]  
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On the other hand, carbon build-up is another issue with Ni-YSZ 
cermets.[12,14,15] Mainly, carbon deposits form on the surface of the nickel phase; 
which leads to very high activation polarisation.[3] As a result, the cell performance 
degrades when using hydrocarbon based fuels. Carbon build-up can be avoided by using 
steam reforming; however, this adds to the complexity and overall cost of a fuel cell 
system.[15] Generally, the metallic component of the Ni-YSZ cermet suffers from 
carbon deposition and sulphur poisoning.[14] Along with these issues, Ni-YSZ is not 
immune to mechanical failure due to volume instability of the anode during redox 
cycling[11,15,16,17], long term degradation due to agglomeration or coarsening of Ni 
particles.[12,16] The superior performance of this cermet comes from a sizeable 
interconnecting distribution of the Ni metallic phase, and the more of it makes the anode 
even less stable during operation. 
 It is obvious that the Ni-YSZ cermet is a very good anode if we consider 
hydrogen SOFCs. However, in order to make these cells more appealing to the markets, 
they should show great adaptability to be used with alternative fuels, especially readily 
available hydrocarbons; e.g. methane. The hydrogen economy is still in its infancy for it 
to be considered a vital fuel. Most of the hydrogen produced worldwide comes from 
hydrocarbons.[53] Thus, SOFCs with great fuel flexibility is very desirable, which is the 
major driver behind the development of new anode materials for SOFCs with 
comparable performances of the Ni-YSZ cermet; i.e. SOFCs operated at 800oC have 
shown a maximum power density of 1.7-1.8 W/cm2 with Ni-YSZ used as the anode’s 
material[56,57]; but without any of its drawbacks. A typical target is to find anode 
materials with electrical conductivity of 100 S/cm at operational conditions; however, 
this can be relaxed to even 1 S/cm with better microstructure engineering.[10,31]  
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1.2.4 - Alternative Anodes 
 There are many alternative materials that have been studied as anodes for 
SOFCs; we shall discuss a few of the most important. There are, generally, two 
approaches used to find alternative anode materials. The first is the development of new 
multi-phase cermets providing different enhancements; e.g. electronic, catalytic, ionic. 
Addressing the carbon deposition problem, for example, led to new YSZ cermets; e.g. 
Cu-CeO2-YSZ/SDC.[9] Reducing the operating temperature of SOFC from 1000
oC is 
another approach which can help reduce carbon deposition and is favourable when 
using thin electrolytes, which, in turn, reduces the ohmic resistance yielding high power 
density from the cell.[52] Then there is the approach to find new materials to replace the 
cermet based anodes completely.[61] There are many alternative materials that have 
been considered for SOFC anodes mainly materials with fluorite, perovskite, tungsten 
bronze and pyrochlore structures.[9,17] In general, the aim is to find mixed ionic and 
electronic conductors (MIEC) using oxide materials. These materials offer great 
advantages in extending the triple phase boundary, thus lowering the polarisation 
resistance, enhancing mechanical and chemical compatibility with different electrolyte 
materials and they show higher tolerance to sulphur.[8,12,15] 
Since YSZ is the widely used material as an electrolyte in SOFCs; i.e. mainly 
for its ionic conductivity; many attempted to introduce electrical conductivity into YSZ 
by different dopants. Titanium and ceria doping were found to increase the electronic 
conductivity of YSZ and improve the catalytic activity of the anode.[10] Fluorite based 
materials; e.g. the Cu-ceria cermet; were reported to be resistant to carbon build-up due 
to copper being less catalytically active towards the formation of carbon bonding[10],  
with good catalytic activity towards the oxidation of hydrocarbon based fuels.[3,9,17]  
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Another good example of fluorite based materials is the gadolinium doped ceria 
Ce0.9Gd0.1O1.95 which showed good resistance to carbon deposition and good catalytic 
activity for methane oxidation.[9,10] Ceria is has proven to be highly active towards the 
oxidation of hydrocarbons and also offer high ionic conductivity.[53,58,59] The main 
drawback of ceria based materials is the expansion of the lattice as a result of the 
reduction of the Ce ion. This leads to mechanical stresses which cause delamination and 
cracks that can damage the whole assembly.[3] Other types of ceramics include the 
pyrochlore structure. A good example is Gd2Ti2O7, which did show high electrical 
conductivity values when molybdenum was substituted for titanium. This material, 
though, showed very poor redox stability.[9,10] Also, materials with the tungsten 
bronze structure; e.g. Sr0.2Ba0.4Ti0.2Nb0.8O3; showed good electrical conductivity but had 
a lower thermal expansion coefficient to that of YSZ.[3,9,10] Thus, it is very obvious 
that as many materials show favourable attributes, undesirable properties do arise in 
many cases, which makes the task of developing alternative materials to replace the 
state of the art cermet Ni-YSZ in SOFCs very difficult. Nonetheless, all attempts can 
pave the way for better scientific understanding into the behaviour and properties of 
materials. 
Of the many alternative materials, perovskites are attracting much of the 
attention in the development of new substitutes for the Ni-YSZ cermet.[3,9,10,18] A 
perovskite structure with the general formula ABO3, is simply formed of a cubic array 
of corner sharing octahedra with the A-site cation occupying the 12-fold body centre 
position, and the B-site cation in the 6-fold octahedral position[9,19], this structure is 
best illustrated in figure 1.4. 
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Figure 1.4: Representation of the perovskite (ABO3) cubic unit cell where A: green, B: 
blue and O: red. 
Perovskites offer a great advantage since the different properties can be tailored through 
different doping methods. Vacancies can be generated within the structure which can 
also support multi valence cations.[8,20] Perovskites can show electrical, dielectric, 
ferroelectric, piezoelectric, pyroelectric, electro-optical and magneto-optical behaviours 
and properties.[21] Of the most encouraging properties is that perovskite-based anodes 
do show a very good tolerance to carbon and sulphur containing fuels.[3] Also, these 
materials show good electronic conductivity, chemical and thermal compatibility with 
YSZ, redox stability and good performance under hydrogen and methane.[20] Many 
different perovskite based materials have shown very encouraging electrical 
conductivity values and performance. (La0.75Sr0.25)0.9Cr0.5Mn0.5O3−δ has shown 
remarkable performance comparable to that of the Ni/YSZ cermet.[60,62] Also, LaCrO3 
have been found to be very stable in reducing conditions at high temperatures and 
showed good catalytic activity with methane.[63] However, chromite-based perovskites 
have shown very high polarisation resistance.[53] Also, the titanium-based perovskites 
15 
 
are interesting where Y0.08Sr0.92Ti0.92Nb0.08O3 have shown a high electrical conductivity 
of 200 S/cm at 600oC[60], while La0.3Sr0.7Sc0.1Ti0.9O3 have shown an electrical 
conductivity of 49 S/cm and an ionic conductivity of 0.01 S/cm at 800oC.[60] It is very 
important, at this stage, to mention that much care should be exercised when comparing 
between different materials in terms of electrical conductivity, this is because different 
synthesis/processing mechanisms can greatly affect the measured electrical 
conductivity. As we shall see in later parts of this thesis, reducing oxides at higher 
temperatures introduces more electrons, hence, increases the electrical conductivity. 
Many perovskites have, nonetheless, shown very encouraging performances. Among 
these, titanates have shown very encouraging performances when used with CeO2 
composites and with partial substitution of Ti on the B-site.[64] However, most 
important issues with these materials are the poor ionic conductivity and poor catalytic 
activity towards fuel oxidation.  
1.2.5 - Precursors of La0.2Sr0.7-xCaxTiO3 
 As mentioned earlier, perovskites are under much research for their attractive 
properties that can be used to replace the state of the art Ni-YSZ cermet. This work is 
concerned with the A-site deficient Ca-substituted La0.2Sr0.7-xCaxTiO3 to see if it can be 
used as an anode material for SOFCs. Thus, it is important to see how this system has 
evolved.  
Starting with CaTiO3; regarded as the parent material of all perovskite based 
materials; is considered a very important material in both earth science and materials 
science. This perovskite is very similar to MgSiO3, which is the main constituent of the 
lower mantle of our planet; thus, CaTiO3 is extensively studied for its structural 
properties in different temperatures and pressures.[47] In addition, it is widely used in 
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Synroc (Synthetic Rock) for handling and processing of radioactive nuclear waste and it 
is, also, employed in the development of many electronic devices.[22,23,24] Moreover, 
CaTiO3 is known to be stable at high temperatures in a wide range of oxygen partial 
pressures.[25] SrTiO3, on the other hand, is considered among different perovskites to 
be, when reduced, a very good electronic conductor.[10] It also shows a very good 
tolerance to sulphur, chemical and thermal stability.[3,5,6,26] SrTiO3 can also be a 
superconductor if cooled down to temperatures close to 0K.[27] Thus, these two parent 
materials show great potential for being a basis for developing new materials for SOFCs 
anodes. 
As both materials belong to the perovskite structure, doping with different 
cations can be accommodated and can enhance different properties. By considering the 
electrical conductivity, strongly reduced SrTiO2.72 showed a conductivity of 1.7×10
3 
S/cm at room temperature and showed a metallic behaviour.[27] When reducing 
SrTiO3, some of the Ti
4+ reduces to Ti3+ which introduces electrons into the 3d 
conduction band of the titanium.[12,16,27] However, reduction of SrTiO3, to achieve a 
large proportion of Ti3+, usually requires very high temperatures that exceed the 
operating temperature of SOFCs and can increase the complexity of processing with 
other cell components. Also, these strongly reduced compositions were not redox 
stable.[27] Thus, alternative techniques are needed, such as doping SrTiO3 with a donor 
cation like La3+, which makes it easier to reduce Ti4+ to Ti3+.[6,26,27] Before reduction 
donor doped strontium titanate maintains electroneutrality by formation of strontium 
vacancies and SrO layers. And once reduced, oxygen vacancies are generated with the 
formation of Ti3+ which maintain electroneutrality and enhance the conductivity.[15,28] 
Reduced compositions of La-doped SrTiO3 (LST) have shown conductivities of 100-
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400 S/cm in reducing atmospheres at very high temperatures; e.g. 1000oC.[8,27] Also, 
La0.3Sr0.7TiO3 showed an electrical conductivity of 220 S/cm at 800
oC.[60] Moreover, 
LST tend to react less with YSZ; i.e. cathodes containing strontium and lanthanum 
reacted with YSZ forming insulating secondary phases like La2Zr2O7 and SrZrO3. LST 
also showed very close thermal expansion coefficient, good stability in reducing 
atmospheres and through redox cycling, much better performance compared to 
chromites and other perovskites.[8,9,11,16,28] The type of dopant affects the physical 
and/or chemical properties of the original material in many different ways. For example, 
it was found that donor doping; e.g. La3+ and Nb5+, makes SrTiO3 a n-type 
semiconductor, while acceptor doping; e.g. Fe3+, Co3+ on the Ti site; gives a p-type 
semiconductor.[6,28] Thus, improvements to the electronic or ionic conductivity can be 
obtained using different proportions of different dopants. It was shown that the 
conductivity of LST depends on the content of lanthanum in the structure; i.e. 
conductivity increases with lanthanum content; up to a content level of 0.4 where the 
conductivity levels off.[10] Doping strontium titanates with lanthanum leads to the 
incorporation of excess oxygen into the structure to maintain electroneutrality. 
However, high lanthanum content leads to crystallographic shear structures with oxygen 
rich regions forming line defects. For low lanthanum content, the defects are point-like 
and distributed randomly.[16] It is known that defects can affect the properties of 
material and that high defect concentration leads to the domination of defect-defect 
interactions.[29] Thus, the type of dopant and how much of it determines and affects the 
conductivity in this type of compound. One of the most encouraging aspects of LST is 
the good tolerance to sulphur [10,30], which makes it a very strong candidate for 
alternative anode material to Ni-YSZ. It was reported that no degradation was seen with 
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LST even with sulphur content as high as 5000 ppm.[16] However, many reports 
showed that the catalytic activity of LST towards the oxidation of hydrogen is relatively 
low compared to Ni-YSZ.[8,11,31] Two routes to improve the catalytic activity of LST 
were proposed. First, the catalytic activity can be improved through B-site doping to 
substitute the Ti with a multi valence cation like Mn and a fixed valence cation like 
Ga.[11] Doping the titanium site (B-site) with Mn and Ga showed very close 
performance to that of the Ni-YSZ cermet.[26] The second route is to impregnate the 
anode with a catalytically active phase; e.g. ceria.[31] In addition to the poor catalytic 
activity, LST showed poor ionic conductivity compared to Ni-YSZ.[30] Stoichiometric 
LST is oxygen excess before reduction, and oxygen ions need oxygen vacancies within 
the lattice in order to migrate within the anode. Thus, oxygen vacancies are needed to 
improve the ionic conductivity and increase the surface area of the TPB.[11,12,29] 
Creating oxygen deficiency was tried by mixed doping of the B-site of LST as in the 
La4Sr8Ti11Mn1−xGaxO38−δ based compositions; which showed conductivity values of 
7.9-6.8 S/cm at 900oC in reducing conditions.[11] 
As LST did show promising results in terms of stability and electrical 
conductivity, another approach was taken to improve the poor catalytic activity and the 
low ionic conductivity. Since lanthanum doping creates oxygen excess compositions; 
which in turn increases with lanthanum content; A-site deficient compositions were 
considered. Through electroneutrality, a lower effective charge on the A-site of the 
perovskite, leads to oxygen deficiency. For example, it was found that A-site deficient 
strontium titanates have higher conductivity than their stoichiometric 
counterparts.[6,31] Moreover, with an A-site deficient LST, it is less likely for a 
reaction to occur with the YSZ phase of the electrolyte.[16] A-site deficiency is, also, 
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thought to be better for the densification of these perovskites.[6] More recently, Savaniu 
and Irvine[31]  have reported that porous samples of La0.2Sr0.7TiO3 had shown a 
conductivity of 39.75 S/cm at 750oC and        pO2 = 10
-21 atm; which was an 
improvement from the 2.75 S/cm conductivity of the dense counterpart. Also, 
impregnating this material with Gd2O3-doped CeO2 (CGO) and copper has resulted in 
much higher performances.[31] Thus, this material was chosen to be the basis of this 
study with the objective of improving the electrical conductivity through substituting 
strontium with calcium following the system La0.2Sr0.7-xCaxTiO3. Calcium was chosen 
because it has the same valence as the replaced strontium, maintaining the electrical 
neutrality condition for this perovskite. With a smaller ionic radius, an improvement to 
the electrical conductivity is anticipated to be obtained through the reduction of the unit 
cell volume. A smaller unit cell volume shall bring the titanium d-orbitals closer to each 
other, thus enhancing the electrical conductivity without the need for extra dopants or 
changes to the microstructure of the original basis La0.2Sr0.7TiO3. Hence, we are seeking 
improvements to the electrical conductivity of this perovskite through manipulation of 
the crystal structure, rather than through chemical routes. Since La0.2Sr0.7TiO3 was 
improved through careful micro-structural changes and through impregnation with 
different catalysts, structural improvement to the system La0.2Sr0.7-xCaxTiO3 will give a 
new platform for further improvements, which will have a greater potential of becoming 
a very serious candidate as an alternative anode material for SOFCs. Also, structural 
effects of calcium introduction in the unit cell are of interest since the crystal structure 
of this new system has not been investigated previously. Other pursued improvements 
to this perovskite include easier sintering, which will eventually help reduce the overall 
cost of fuel cells. Also, less strontium content can help in obtaining a better thermal 
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expansion coefficient control, since it was suggested that high strontium content can 
lead to abnormality in this aspect.[53]  
1.2.6 – Ferroelectrics 
For many years, much research was focused on finding new ferroelectric 
materials driven by the demand of new electrical components for new technologies. A 
ferroelectric material is defined as “an insulating system with two or more discrete 
stable or metastable states of different non-zero electric polarization in zero applied 
electric field”. Where it is possible to switch between these states by the application of 
an electric field giving rise to a hysteresis loop.[32] 
Applications include capacitors, thermistors, varistors, actuators and sensors, 
acoustic and pressure transducers, optical modulators, energy conversion systems, 
piezoelectric and pyroelectric sensors, dynamic random access memory and non volatile 
ferroelectric random access memory (NVFRAM).[33-36] Development of ferroelectric 
random access memory is a major driver for ferroelectric materials research; since this 
type of memory offer low power non-volatile memory functionality with fast response 
to writing and reading and they are very scalable.[37] Lead zirconate titanate based 
materials are well known ferroelectrics; which are mostly used as piezoelectric 
materials.[38] Among the most recognizable are the zirconate-modified lead titanate 
(PZT), lanthanum-modified lead titanate PLT, and lanthanum-zirconate modified lead 
titanate PLZT.[35] However, major environmental concerns come from synthesis of 
these materials, where toxic lead evaporation is an issue.[35,38] Thus, much of the 
research is focused on finding alternatives to the lead based ferroelectrics.[39] 
Perovskite-based materials offer great alternatives that can be easily modified since the 
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perovskite structure offers great basis to alter physical and chemical properties through 
doping. Most useful ferroelectrics belong to the perovskite family, where BaTiO3 is the 
most common perovskite ferroelectric material used in capacitors.[34,40] Barium 
titanate is widely used in electrical systems for its very high permittivity making it a 
very good capacitor.[41] It also offers good mechanical and chemical stability and 
shows good ferroelectric behaviour above room temperature.[33] On the other hand, the 
system CaxSr1-xTiO3 showed many phases that were ferroelectric, antiferroelectric and 
relaxor ferroelectric, with the ferroelectric phase showing below 35K.[32,33] Since the 
structure of the new system La0.2Sr0.7-xCaxTiO3 was, somewhat, elusive and some 
impedance measurements showed changes to the capacitance of some samples with 
temperature, different samples were analysed for the possibility of forming ferroelectric 
phases at different temperatures. Although the main objective of the work in this thesis 
was to find an alternative anode material for SOFCs, this investigation into the 
ferroelectricity of the new system encourages the good practice of finding multiple uses 
for a given material. Also, it shows the importance of identifying and interlinking 
structural parameters to different physical properties and vice versa. The main studies 
for the structural behaviour of La0.2Sr0.7-xCaxTiO3 were conducted at high temperatures 
resembling the operating conditions of solid oxide fuel cells. And through this study, we 
were able to shed some light into structural changes at sub-ambient temperatures giving 
the experimental setup that was used. In a way, electrical behaviour is easier to detect to 
indicate some minute structural changes that might be elusive with conventional 
diffraction techniques.  
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1.3 - Experimental Methods 
1.3.1 - Samples preparation 
Synthesis of different samples of the system La0.2Sr0.7-xCaxTiO3 was carried out 
using the solid state method. First, the starting materials of high purity of La2O3 (Sigma-
Aldrich 99.99%), SrCO3 (Alfa Aesar 99%), CaCO3 (Alfa Aesar 99.5%) and TiO2 (Alfa 
Aesar 99.5%) were dried in a muffle furnace in air at 300oC for 90 minutes for CaCO3, 
SrCO3 and TiO2; and at 800
oC for 2 hours for La2O3. The appropriate ratios of the dried 
powders were then weighed as soon as they were taken out of the furnace to avoid any 
moisture being absorbed by the powders. These were then mixed using a pestle and 
mortar; which were then calcined in air at 1000oC for 15 hours. The calcined powders 
were then ball milled for 4 hours in acetone using a planetary ball mill. After ball 
milling the samples were allowed to dry naturally and then dry pressed into 13mm 
pellets using a uniaxial press under a pressure of 4 tons. Sintering of pellets was carried 
out at 1500oC for 15 hours in air. Resulting pellets were crushed and ball milled after 
the initial sintering, then pressed again for a second sintering at the same parameters as 
the initial one. Very dense pellets were obtained; i.e. relative density 92-95%. Prior to 
analysing the samples using XRD and NPD, all pellets were crushed and ball milled for 
at least 4 hours. It should be noted that in order to minimise discrepancies in the 
prepared samples, extra care was employed during synthesis; from using the same 
furnace, scale and other tools to prepare the different samples.  
A pore former was made from 50:50wt% mixture of glassy carbon and graphite. 
Porous pellets were made from chosen compositions by sintering them with 20wt% of 
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the pore former mixture. All pellets were uniaxially pressed under a pressure of 4 tons 
and subsequently sintered at 1400oC for 12 hours in air. 
Prepared pellets were pre-reduced in a tube furnace under a constant flow of a 
gas mixture of 5%H2/95%Ar for 72 hours minimum. Earlier samples were pre-reduced 
at 900oC which was then raised to 1050oC which proved more effective in obtaining a 
considerable reduction to the dense pellets.  
1.3.2 - X-Ray Powder Diffraction (XRD) 
Unit cell parameters and space groups were investigated and determined from 
powder XRD patterns which were collected using CuKα radiation from an 18 kW high-
resolution Rigaku ATX-E four-circle diffractometer (NRL, Washington DC, USA). In 
order to reduce the background, the powder samples were mounted on a single Si (001) 
crystal which was offset in theta to avoid any of its diffraction peaks. Runs were carried 
out in the range of 2θ = 20-120o with a step size of 0.02o. Peaks were indexed using the 
STOE WinXPOW (ver. 1.04) software package through the least square method. The 
process involved carefully choosing and marking peak positions throughout the 
diffraction pattern, followed by indexing the peaks to given unit cell parameters and 
space groups, which were initially set close to the unit cell parameters of the starting 
material La0.2Sr0.7TiO3. These parameters were refined by carefully changing them 
according to the refinement outcome to ensure the stability of the fitted model. In 
addition, phase purity of different samples was examined from XRD patterns obtained 
using a STOE-StadiP X-ray diffractometer, with Cu Kα1 radiation and a PANalytical 
Empyrean diffractometer. Diffraction patterns were collected in the range 2θ = 10o-90o 
with steps of 0.1o at 300 s/step in ambient conditions. 
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1.3.3 - Neutron Powder Diffraction (NPD) 
NPD was carried out using the D2B powder diffractometer at the Institute Laue-
Langevin (ILL) at Grenoble, France. Data were collected from powder samples in 
vanadium containers where the angular range was 0 < 2θ < 160o, in 0.05o steps using a 
neutron radiation with λ = 1.594Ǻ. Counting time of the patterns varied between 2 hours 
for normal resolution and 5 hours for high resolution runs. High temperature studies 
were conducted on two samples, La0.2Sr0.25Ca0.45TiO3 and La0.2Sr0.2Ca0.5TiO3; since 
these two were close to the phase transition boundary between I4/mcm and Pbnm, as 
well as, where the maximum conductivity at 900oC in reducing atmospheres started to 
decrease with calcium content (Chapter 4). A reduced phase of La0.2Sr0.25Ca0.45TiO3 was 
analysed since it showed the highest electrical conductivity in the range of samples of 
the system La0.2Sr0.7-xCaxTiO3. The collection temperatures were varied between 100-
900oC. All patterns were analysed and refined using the Rietveld method using the 
software package Fullprof (version 2.05) and the included graphics utility WinPLOTR. 
Diffraction peaks where refined using a pseudo-Voigt function and the background with 
a 6-parameter polynomial. The initial unit cell parameters were set using the findings 
obtained from the XRD studies and the atomic positions for the different sites were set 
according to the space group (symmetry). B-site (Ti) atomic coordinates were kept fixed 
while the other sites were allowed to vary. Occupancies were initially allowed to vary 
through the refinement process yielding insignificant variations from the initial 
stoichiometries, later these were kept fixed in order to obtain more stable refinements. 
All models were refined to convergence with the best fits chosen by the agreement 
factors and stability of the refinement process. 
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Also, using the software CrystalMaker (Version 2.6.2) and the results of the 
Rietveld refinement, the obtained structures were visually represented. 
1.3.4 - DC Conductivity Measurement 
The electrical conductivity of samples was measured using the conventional 4-
probe DC technique in a controlled atmosphere furnace. Oxygen partial pressure was 
measured using a zirconia sensor with air as a reference pO2. Samples were prepared 
with four electrodes made out from platinum foil; which were attached to the surface of 
the sample using platinum paste. The samples were then fired using a muffle furnace at 
900oC for 1 hour to burn off the organic solvent in the platinum paste and solidify the 
electrodes on the surface. The samples were placed in the jig with all electrodes; i.e. 
sample and jig; in contact which was checked using a standard voltmeter. The jig was 
lowered into the vertical furnace and sealed. Measurements were conducted by heating 
the samples at a fixed rate under chosen purge gas; i.e. mainly air and 5%H2/95%Ar; to 
an isotherm at 900oC; where changes in atmosphere were taken. The conductivity was 
mainly measured at 4 regimes; heating, oxidation, reduction and cooling. Data were 
collected at a fixed time rate which was adjusted in accordance to the sample’s activity. 
In-house built software using LabView® Package was used to control the experiment 
and record data points. The second technique that was used to measure the electrical 
conductivity of different samples was the van der Pauw technique. 2-3mm thick pellets 
were prepared with four contacts on the periphery using gold paste. Four thin 
rectangular gold mesh segments were cut and attached to the gold paste contacts on the 
pellets. This was followed by firing the pellets at 900oC for an hour to burn off the 
organic solvent in the gold paste and solidify the contacts. The pellets were then placed 
into the jig where the gold mesh electrodes were checked for contact with the platinum 
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wires within the jig. The jig was inserted into the furnace and measurements were 
conducted in the same manner as mentioned above. The data points were recorded using 
similar software as the one above. The porous samples conductivity was corrected using 
the following relation: 
𝜎𝑚
𝜎𝑐
= 2 × (
𝜌𝑟𝑒𝑙
100
−  0.5) (1.2) 
Where 𝜎𝑚 is the measured conductivity, 𝜎𝑐 is the corrected conductivity and 𝜌𝑟𝑒𝑙 is the 
relative density of the sample.[46,65] All results were processed using Microsoft® 
Office® Excel®.  
1.3.5 - Dilatometry 
Thermal expansion coefficient (TEC) was measured using a Netzsch DIL 402C 
dilatometer with a load of 30-35 cN.cm-2.  The samples were ~ 13mm in diameter and 
2-3.5mm in thickness pellets that were sintered in air at 1500oC for 15 hours. All sample 
runs were corrected using a correction run that was done prior to any measurement on a 
standard alumina disk. Samples were heated to 1000-1050oC with a ramp rate of 2-
5K/min under different atmospheres; i.e. mainly 5%H2/95%Ar and dry air. Data were 
collected and corrected using the NETZSCH Measurement software (version 4.8.5) and 
the data were analysed using NETZSCH Proteus – Thermal Analysis software (version 
4.8.5). The same instrument was used to test the sintering behaviour of powders that 
were pressed into the same dimensions mentioned above. These were heated to 1430oC 
at a ramp rate of 2-3o/min in air where the shrinkage due to sintering was recorded as a 
function of temperature.  
 
27 
 
1.3.6 - Thermal Analysis 
Thermal Gravimetric Analysis (TGA) and Differential Thermal Analysis (DTA) 
were conducted on fine powder samples weighing between 100-105 mg using a 
NETZSCH STA 449 C. Samples were contained within an alumina crucible. All 
measurements were collected and corrected using the Proteus® thermal analysis 
software. TGA analysis was also conducted using a NETZSCH TG 209 on powder 
samples weighing between 30-40mg where the data were collected with the same 
software. Samples were heated with fixed ramp rates up to 900oC. 
1.3.7 - Electron Microscopy 
The morphology of the samples was analyzed by scanning electron microscopy 
(SEM) where images were collected using a JEOL 5600 microscope. Images were 
collected from prepared pellets at different magnifications levels. Acceleration voltage 
was varied between 5-20kV while the working distance was kept around 20mm.  
1.3.8 - Ferroelectricity Study 
Some samples were studied for the possibility of being ferroelectric where the 
capacitance (Cp) and dielectric loss tangent (Dloss) of samples was measured at different 
temperatures. Both measures were obtained by using AC impedance spectroscopy on 2-
3mm pellets. All pellets were surfaced on sand paper and painted with face electrodes 
using platinum paste. These were then fired at 900oC in air for 1 hour to burn off traces 
of the organic solvent in the platinum paste. 
Earlier impedance measurements were conducted using an HP4192A impedance 
analyser with the sample mounted on a horizontal jig. The jig was placed within a tube 
furnace. Samples were heated in air to different set temperatures and allowed in each 
isotherm for a minimum of 20 minutes to achieve thermal equilibrium. Data were 
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analysed using ZView software (version 2.90); where the analysis involved least square 
fitting of impedance spectra using equivalent circuits. Due to the high resistance of the 
prepared samples, practical and reliable impedance analysis was more difficult using 
this setup. 
Later, two setups were used to measure the capacitance (Cp) and dielectric loss 
tangent (Dloss) at low and high temperatures. For the low temperature measurements, 
samples were cooled to 30K using a closed cycle He-cryocooler with a fixed rate of 
2K/min. Data were collected at different isotherms over a frequency range of 100 Hz to 
10MHz using an HP4192A impedance analyser. The high temperature measurements 
were taken for samples heated to 450oC with a rate of 2oC/min. Impedance spectra were 
collected at isotherms over a frequency range of 25Hz to 2MHz using a Wayne Kerr 
6500B precision impedance analyser. Impedance data were collected and converted into 
capacitance (Cp) and dielectric loss tangent (Dloss) values using an in-house built 
software using LabView package, which automatically carries out all the calculations to 
obtain those two parameters. All data were plotted using Microsoft® Office® Excel®. 
Dielectric constant values were obtained using the capacitance values obtained from the 
AC impedance results and the pellets geometry by using the following relation for the 
capacitance: 
𝐶𝑝 =  
𝜀𝑜𝜀𝑑𝐴
𝑑
 (1.3) 
Where 𝜀𝑜 is the permittivity of free space (o = 8.854  10
-12 F/m), 𝜀𝑑 is the dielectric 
constant of the material, A is the surface area of the pellet and d is its thickness.[42-44] 
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Chapter 2 
 
The United Arab Emirates and its Energy Future 
A Closer Look 
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Abstract: 
The United Arab Emirates is actively exploring the spectrum of renewable 
energy technologies for maintaining its growth while lowering the impact on both the 
environment and the economy. Given the healthy economy of the country and the 
abundant oil revenues, the UAE has an advantage and more freedom in trying and 
adopting different types of renewable energy technologies. However, power is not the 
sole concern for a secured future of the country. Water is widely regarded to be much 
more important than power. The scarcity of fresh water supply in the UAE requires a 
deeper and more evolved method of planning for combining different technologies in 
both sectors; i.e. power and water production. Hence, a plan is proposed which 
combines different renewable energy technologies; with an emphasis on the adoption of 
fuel cell related techniques; that can provide both power and fresh water in the future 
with minimum impact on the environment. This study gives a very clear perspective and 
justification to the continuous efforts that are made to find new materials for solid oxide 
fuel cells that improve flexibility and applicability. 
  
37 
 
2.1 - Introduction 
 The United Arab Emirates (UAE) is a federal union of seven different emirates; 
i.e. States; that was established on the 2nd of December 1971. Prior to this day, the 
region consisted of different sheikhdoms and tribes under the protection of the British 
Empire at the time. Given its location on the trade routes between the West and the 
Indian subcontinent, the UAE economy mainly relied on trade, fishing and the pearl 
industry.  
 
Figure 2.1: Map showing the location of the UAE; a midpoint between west and east.[8] 
Since the discovery of oil in the 1960s, the region evolved from dispersed 
Bedouin tribes throughout the desert and some fishing towns on the coast to one of the 
most developed countries in the world. The revenues that oil exports brought were 
heavily invested in developing the infrastructure of the country and the development of 
the welfare of its people. One of the main and intensive aspects of the country’s 
development was lowering the dependence on oil as the main source of income. The 
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UAE’s government invested huge amounts of funds in industry, infrastructure, services 
and trade. The diversification of the economy is the backbone of the development 
programmes in the UAE; nowadays more than 70% of the GDP comes from non-oil 
sectors.[1] The latest estimates show that the UAE’s GDP per capita is ranked 11th in 
comparison with the rest of the world.[2] The latest estimates showed that the 
population of the UAE has more than doubled since 2005 to reach over 8.26 million 
people in 2010.[3] Among this, there are only 947,997 native citizens; which indicate 
the rapid increase in foreigners coming to the country mainly to work or for business. 
This growth reflects the continuous development of the UAE; which makes it a 
potential customer for new technologies that can help drive this development and 
provide future security in different aspects. 
 Ever since its establishment, the UAE has kept a keen eye on preserving and 
protecting the local environment; which made it one of the leading countries in the 
world when it comes to protecting the environment while sustaining development and 
growth. By funding diverse programmes from protecting endangered wildlife species to 
natural habitat restoration; the government shows a strong commitment to 
environmental issues. Many laws have been issued for protecting the local environment; 
notably the prohibition of hunting, mass grazing, mass fishing practices and 
uncontrolled underground water exploitation. The UAE was one of the first major oil 
producing countries to sign and ratify the Kyoto Protocol; which is targeted on fighting 
global warming.[4] In June 2009, the capital of UAE, Abu Dhabi, was chosen to be the 
host city for the headquarters of the International Renewable Energy Agency 
(IRENA).[5] The UAE government has committed to cover 42% of the agency’s 
funding by offering a grant worth $136 million, as well as, supporting the operational 
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cost of IRENA for the first 6 years.[6,7] The new agency’s headquarters are to be based 
in Abu Dhabi’s MASDAR City; the world’s first green city; which is part of the 
MASDAR Initiative. These actions and many others are clear indications of the UAE 
commitment towards an environment friendly development and growth for a better 
future. 
Sustaining a continuous development requires, ultimately, sustaining the 
population’s well being and needs. Power on one hand is a major component of the 
infrastructure development in the UAE; where it is a major objective for the government 
to meet the current and future power demands. The local environment of the country 
makes it, also, very necessary to address the sustainability of fresh water. The arid 
climate and the natural landscape of the UAE put a huge strain on the country’s water 
resources. Securing power supplies thus might not be the most important factor for the 
future of the people, or the country as a whole; water availability could be more vital in 
the future. Certainly, water scarcity was part of the history of the people living here; 
however, an increasing population requires new ways of planning ahead in order to 
secure both resources; while maintaining a low impact on the environment in doing so.  
In this chapter, a discussion is outlined for the different options available for the 
UAE to sustain its growth through careful adoption of different renewable energy 
technologies; taking into account different aspects that are unique to this part of the 
world and should be considered carefully when planning for the future. Most research 
efforts aimed at developing very efficient and applicable renewable energy technologies 
outline general schemes that can be implemented all over the globe. However, it is 
equally important to consider specific conditions and local parameters in order to 
develop very enticing and convincing schemes to be embraced by certain markets and 
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societies. Selling an idea is very important when it comes to driving scientific research 
in all different disciplines forward. 
2.2 - The Nature of UAE 
In recent years the UAE has increased its commitment to provide sufficient 
resources for its growth, while keeping in mind the protection of the local environment. 
With growth comes higher demand for power and being one of the largest oil producing 
countries in the world, the cost for power generation through the use of hydrocarbons is 
relatively cheaper compared to leading countries in the western hemisphere. However, 
given the type of climate the country has; which is a very arid climate and the largest 
portion of the country being a desert; puts certain strains on the future of this growth. 
The country is mostly covered with sand desert with some mountains on the eastern part 
of the country. Most of the major cities are on the coast of the Gulf, with one of the 
emirates located on the coast of the Gulf of Oman, which is an extension of the Indian 
Ocean, on the east. There are a few cities and towns that originated around small oases.  
 
Figure 2.2: A satellite image of the UAE, showing the spread of the desert.[52] 
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The UAE has a very low rainfall level, high temperatures; i.e. over 30oC; most 
of the year and re-occurring sand storms. These storms sometimes are very severe and 
lead to many disruptions around the region; not to mention sand accumulation over 
surfaces and structures.[45] 
 
Figure 2.3: Image illustrating the severity of sand storms in the UAE.[45] 
It was estimated that the annual rainfall in the Emirate of Abu Dhabi; which is the 
largest emirate; is less than 100mm/year. This is reflected on the underground water 
recharge rate which is very low; which is only 4% of the total annual water 
consumption. Thus, Abu Dhabi has one of the highest water consumption rates per 
capita in the world.[9] In 2008, it was estimated that the annual renewable water 
resources of the whole country is only 0.2 km3.[10] The latest figures suggest that the 
annual water consumption of water in Abu Dhabi, alone, was 210183 million gallons in 
2010; i.e. around 0.96 km3.[11] To address this problem, the country has invested 
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heavily in building desalination plants to bridge the gap between fresh water production 
and consumption. 
Since most of the country is covered with desert sand; i.e. 80% of its total land 
area[12]; the government focused on increasing the spread of greenery and agriculture. 
Vast funds were transferred in developing water resources, irrigation methods, building 
water dams, agriculture and forestry. The main objective behind these efforts was to 
increase the country’s green areas to provide better habitats for local and migrating 
wildlife species and to stop or slow the sand or desert movement towards inhabited 
areas. Citizens were encouraged to adopt farming by providing them with huge 
subsidies for seeds, fertilizers, irrigation systems and well digging. This proved to be a 
very successful policy at the time since it provided the people with an extra source of 
income and helped increase the green surface area around the country. Unfortunately, 
rainfall kept declining in the past 20 years, putting a strain on these farms and the 
overall underground water reserves; which are now more or less completely depleted.  
Thus, it is very important to think about developing the country’s water 
resources as well as its energy resources. Water security might be considered, in the 
case of UAE, to be more important than securing future energy demands. 
2.3 - The Current Situation: 
 The UAE government is trying its best to sustain the growth of the country by 
providing the necessary infrastructure elements needed to sustain the very high living 
standard of its population. Since its formation, the country has invested extensively into 
building many power stations; in order to drive the country into a more diverse 
economy from the sole reliance on oil and gas. Today, power is readily available and 
43 
 
demands are met; given the current capacities of the country’s power plants. Most of 
these plants are powered by gas turbines; where most of the natural gas used is imported 
through a pipeline from neighbouring Qatar. Many of these plants are combined with 
desalination units to compensate for the shortages of underground water reserves.  
 According to the ministry of energy in the UAE; the annual energy consumption 
has increased from 48155 GWh in 2003 to 89587 GWh in 2010, showing an increase of 
about 46%.[11,13] All these years, this consumption of power was met with an increase 
in the capacity of power generation. For the same period, the generation capacity has 
increased from 12217MW to 23215MW; where in 2010 it was estimated that gas 
turbines accounted for 19335MW of the gross power capacity; amounting to almost 
83.3% of the power capacity of the country.[11,13] Thus, this shows that the UAE is 
increasingly relying on natural gas as the main resource for power generation. In 2006, 
the consumption of natural gas has reached 42.1 billion cubic metres in the emirate of 
Abu Dhabi alone; where electricity and water desalination have dominated with a 61% 
share.[14] Demand for power is expected to more than treble by 2030, according to 
forecasts by the Abu Dhabi Water and Electricity Authority (ADWEA).[15] The same 
forecasts are expecting the peak demand to grow above the 7.5% p.a. trend to 11% p.a. 
between the years 2009 and 2019. The peak demand for power in the UAE increases 
substantially during the months of summer; see figure 2.4. This increase is indicative of 
the increase use of air conditioning; since, as mentioned earlier, temperatures can soar 
to over 48oC during the day in summer, e.g. 40% of the power produced in Abu Dhabi 
is consumed by air-conditioning.[17] 
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Figure 2.4: Dubai’s peak demand for electricity for 2009 and 2010.[16] 
On the other hand, water demand is increasing as well and is expected to double 
by 2030. Between 1999 and 2009 water production has increased by 210% through 
mainly desalination of sea water.[15] In 2006, the annual consumption of water in Abu 
Dhabi was found to be 3123 million m3. Most of the water is supplied by desalination 
plants and the rest is from fast decreasing underground water reserves through wells. 
The total desalination production is 742.41 million m3. According to Abu Dhabi 
Environment Agency (EAD), the total production of water from the different sectors; 
i.e. desalination, underground and treated water; was only 3123.22 million m3; which 
can result in water shortages in the near future since water production and the power 
consumed in the different sectors may lag behind the continuous increase in water 
demand per year. There are more than 28 sewage treatment plants around Abu Dhabi 
which can produce about 150 million m3 annually; where this treated water is mainly 
used for irrigation of green surfaces and public parks.[9] In 2009 the total fuel 
consumed in generating electricity and water production was 537,215,887 MBTu; 97% 
of which was natural gas.[15] Thus, it is very obvious that the efforts to drive the 
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economy of the UAE are very costly and it could be argued that this trend cannot be 
sustained in the future if the predictions of growth are met; especially when it comes to 
providing the much needed fresh water.  
2.4 - Is Desalination Sustainable? 
 In 2010, it was estimated that the total water production in the UAE has reached 
375,663 million gallons; to meet a consumption of 344,462 million gallons. 
Desalination accounted for 355,964 million gallons in the same year; that is about 
94.8% of the total fresh water made available in the country.[11] For now, this 
technique is the most obvious choice because of the arid climate the UAE has, and the 
limitations of the underground water aquifers. However, there are many good reasons to 
think that seawater desalination is not sustainable in this part of the world; especially 
with the high consumption rates the country has compared to other countries around the 
world.  
 The three factors that affect the cost of desalination are energy costs, feed water 
salinity levels and plant size.[22] In the case of UAE, almost all of the energy produced 
is driven by local and imported natural gas. And it is known that the price of this 
commodity varies according to geopolitical, economical and even natural reasons. Thus, 
it is nearly unpredictable how much it will cost to desalinate the same amount of 
seawater in the future. The latest trends in the world markets indicate that the prices of 
oil and gas are on the increase and it is becoming increasingly expensive to generate 
power using hydrocarbons. It is true that the UAE is one of the leading oil producing 
countries in the world and it has large amounts of natural gas reserves; but the other 
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factor is the impact on the environment from the existing energy and water production 
methods. 
The second factor that affects the desalination cost is the salinity level of the 
seawater. The UAE main desalination plants are located along the coast of the Arabian 
Gulf; which is a semi-enclosed sea. The Arabian Gulf is known to have the highest 
number of desalination plants in the world; accounting for around 45% of the total 
worldwide daily production.[18] The UAE has most of these desalination plants around 
the gulf with a share of 26% of the world’s total desalination capacity.[18] With around 
120 desalination plants in the countries surrounding the Arabian Gulf; i.e. the UAE, 
Saudi Arabia, Qatar, Bahrain, Kuwait and Iran; these plants process more than 12 
million m3 of sea water every day; however, on a daily basis, they discharge around 24 
tonnes of chlorine, 65 tonnes of algae-harming antiscalant chemicals and around 300 kg 
of copper.[19] These quantities are alarming for the wellbeing of the eco-systems in the 
gulf; which in fact now has the highest saline concentration in the world apart from the 
Dead Sea; i.e. 45 g/l.[20,21] Given the arid climates of these countries and the semi-
enclosed nature of the gulf indicates that salinity levels are to keep increasing in the 
future. The hot climate of the region increases the evaporation of seawater accompanied 
with very low rainfall, salinity level is increasing without any human intervention. Also, 
since the only way for water exchange with the Indian Ocean is through the narrow 
Strait of Hormuz; the flow of low saline water into the gulf is thought of to be very low. 
Thus, in addition to harming the ecological system in the gulf, currently these plants are 
adding to the cost of their own operation by the extensive discharges they release every 
day. So, it is expected that in the future these plants will require more power and 
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processing of the intake water in order to desalinate the same volumes of today. Not to 
mention the continuous release of greenhouse gasses.  
Finally, the cost of desalination increases with the plant size. The size is 
determined by the production levels required; which are increasing by demand in the 
UAE. Since most of the underground water resources have been extensively exploited, 
along with the lack of any other fresh water resources; it is inevitable that the size of the 
sea desalination industry is going to expand in the future. This increase is not going to 
be solely in the UAE; it will be as well in the rest of the gulf countries which are 
developing with the same pace as the UAE. Thus more power and water will be needed 
in the near future; and since the cost is relatively low in this part of the world, the 
populations do not feel the need to lower their consumption levels; which are among the 
highest in the world. Experts do indeed warn that if things continue in this manner, the 
gulf region, and the UAE included, will face a crisis in the future if energy costs do 
rise.[23,24] 
 To conclude, desalination at the current rates does not seem to be sustainable 
and its effects on the environment cannot be ignored.[42] Energy is relatively cheap in 
the UAE nowadays and desalination might seem cost-effective. However, with the 
current and the predicted consumptions the country might face a crisis; unless tougher 
actions are to be taken. Currently, most consumers get their energy and water much 
cheaper than other parts of the world; due, in part, to heavy subsidies by the 
government; and this might be a main driver for the economic boom in the UAE. 
Authorities should explore new methods to encourage the consumer to save on their use 
of power and water; as well as; better technologies to feed the demand by the different 
sectors in the country.  
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2.5 - Addressing the Challenges 
 The UAE is considered one of highest energy consumers per capita in the world 
and that makes it one the highest CO2 emitters in the world; ranking 30
th in 2003.[25] 
From 2002 to 2008, the CO2 emission of UAE has increased from 94.2 to 146.9 million 
tonnes.[26] This increase has led the government to act quickly to address this issue. 
Also, it is expected that the country will require over 40000 MW of electricity supply 
by 2020.[29] Thus, the government has announced its plans to build four 1400 MW 
nuclear reactors to cut down on its CO2 emissions and help provide 25% of the expected 
demand of power.[43] The first one is expected to go online in 2017 with the rest to be 
completed by 2020.[30] Also, the government of Abu Dhabi has outlined in its ‘Abu 
Dhabi Economic Vision 2030’ to have 7% of its total energy from renewable energy 
sources by 2020.[27] Many of the local and federal agencies around the country have 
undertaken actions to lower their carbon footprint. A major driver towards this target is 
MASDAR; which is based in the emirate of Abu Dhabi.  
MASDAR has been established from the Emirate of Abu Dhabi efforts; and the 
UAE as a whole; to diversify the economy from being very reliant on the oil industry. 
Established in 2006, MASDAR became a multimillion investment company which 
invests in and acquires renewable energy companies and developers around the world. 
This investment is mainly to bring the latest advances in the environment friendly 
energy technologies to the country. The company is currently involved in many 
different projects which include a 100MW concentrated solar power plant (CSP)[55], 
carbon capture and storage, wind farms and photovoltaic panels manufacturing and 
installations. It also provides capital for different research and development 
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programmes around the world.[27,28] This company has captured the interest of many 
people who are involved in the renewable energy sector around the world when it 
announced its plans to build the first carbon-neutral city in the world, MASDAR City. 
This city is currently housing the MASDAR headquarters and the MASDAR institute. 
The institute is a graduate university which offer different degrees in major disciplines 
within the renewable energy industry. The main power source for this city will be solar 
energy via PV panels and CSP, along with many innovative methods for a green 
community.[41] Such a novel initiative, coming from a major oil producer, shows the 
concerns and the commitment of the UAE government to lower its impact on the 
environment. 
2.6 - Considerations 
 It is no wonder that the government of UAE has considered nuclear power as an 
option for providing the needed energy in the future. Nuclear power is the best 
alternative so far from hydrocarbon based power generation mechanisms. It is obvious 
what dangers nuclear power posses, especially after the late incident in Japan which 
resulted after a major earthquake that caused much damage and drawn the attention of 
the world to the dangerous aspects of this type of power generation. However, if 
planned carefully and managed properly nuclear power proves to be a very effective 
method for generating electricity compared to the current methods employed in the 
UAE. The country mainly relies on its huge gas reserves as well as on a large imported 
portion from Qatar to producing water and power. The UAE has moved from being an 
exporter of natural gas to an importer in order to sustain its local power demands. 
Although huge investments have been taken into improving the efficiency of the current 
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power infrastructure, the increasing demand and the future’s predictions led to 
considering nuclear power as a major alternative. Nuclear power, however, cannot be 
considered to be a renewable, environmentally friendly option, since the nuclear waste 
that results from this method of power generation is still a major issue. Many are trying 
to find effective methods for handling and processing the radioactive waste of the 
depleted fuel rods. Nonetheless, nuclear power is considered very efficient and cost 
effective method for generating power. 
 On the other hand, the UAE can be seen to have plenty of sunshine readily 
available around the year giving its arid climate. This gives the impression that solar 
energy is the way forward. But, if we consider the current efficiencies of many of the 
state of the art PV panels that are available in the market; which are very low; this 
means that large areas would be converted to accommodate more of these panels. Being 
relatively expensive and by taking large areas to provide sufficient power to the national 
grid; it can be argued that this will add to the cost. Also, for the special nature of the 
UAE climate which suffers from high temperatures and frequent sand storms; this will 
add further to the complexity of a large scale PV based power generation. PV panels 
have low efficiencies with most of the readily available ones come with efficiencies 
between 12-19%.[31] Many studies has shown that dust, humidity and heat considerably 
affect the performance and the efficiency of PV panels. Temperatures can reach over 
50oC in the summer and over 90% humidity on the coast.[32] Along with frequent sand 
storms and wind carried particles, those panels can be obscured or even damaged 
rendering them obsolete. These conditions can result in PV panels’ degradation through 
corrosion, delamination, defect growth and mechanical stresses. Also, the combination 
of dust or sand with humidity will lower the power output and efficiency of these panels 
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since more sunlight will be obstructed from reaching the active layers due to deposits 
formation on the glass surface.[33-35] Thus, in the conditions present in the UAE, these 
panels will require frequent cleaning, maintenance and might be replaced more 
frequently than the advertised performance warranty from the manufacturer.  
 Concentrated solar power (CSP), on the other hand, is more robust when it 
comes to maintaining optimal power; since mirrors are easily maintained and replaced. 
However, sand storms and high humidity can lower their efficiencies, and hence, 
lowering their cost-effectiveness. Contrary to PV, CSP can have continuous operation 
even in the dark. Through a joint venture between MASDAR and Spanish firm SENER, 
a new CSP plant was constructed in Spain. The $320 million Gemasolar facility at 
Fuentes de Andalucia in Seville can provide power for 24 hours; which is considered 
the first solar power plant in the world capable of that.[36] The molten salt used as the 
heat medium can hold enough heat for many hours after sunset. Such a technology can 
be perfectly suited for the UAE. 
 Solar energy is the most obvious choice for a country like the UAE. But like any 
other technology, using them to provide power to the grid can be wasteful as well. This 
is because much of the power fed to a national grid is not used by the consumer; 
especially at peak periods. Also, having solar plants during sandstorms or thick fog will 
turn them obsolete for many hours; not to mention the possibility of damage that these 
factors can have on the panels or reflectors. That is why it is more beneficial for the 
UAE and the rest of the world to think about storing that energy when it is available into 
a more useful medium. 
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2.7 - Hydrogen 
 Many of the renewable energy technologies; i.e. solar, wind, tidal, etc.; are 
periodic and rely heavily on the natural conditions that drive them. Improving grid 
systems and power recovery can be useful when using such technologies. However, 
there is a better alternative. Hydrogen gas can be utilised as a fuel in fuel cells. Fuel 
cells show much better efficiencies than most of the current technologies; e.g. gas 
turbines and internal combustion engines. The problem is the supply and production of 
hydrogen and the establishment of a hydrogen infrastructure and economy. In 2002, 
only 4% of the hydrogen produced worldwide was obtained through electrolysis; while 
the rest was produced using fossil fuels.[46] Thus, in order to lower the impact on the 
environment and cut down on global warming, renewable sources should be used to 
produce hydrogen and the UAE have a very good natural source for that; the sun. 
 Using solar energy, hydrogen can be produced through different processes; 
mainly electrochemical, photochemical and thermochemical.[37,38] The first method is 
the most straightforward which feeds a current through an electrolysis cell where water 
molecules are split into hydrogen and oxygen. Photochemical processes; sometimes 
referred to as photocatalysis; involve water splitting by using a semiconductor material 
to absorb the direct sunlight; which generates an electric current to facilitate water 
splitting. The last process, thermochemistry, is a high temperature chemical process 
with multiple steps to generate the same products from water. All of these processes 
seem very suitable for the UAE. Most of the hydrogen production nowadays is achieved 
through methane steam reforming [39]; which produces CO2 and it is mainly driven by 
conventional hydrocarbons based power. Water electrolysis is very attractive if 
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combined with green power; i.e. renewable energy sources such as solar and wind. 
Storing the excess energy in batteries; especially with PV technology; can be 
unsustainable due to the nature of most batteries, beside they add up to the overall cost.  
2.8 - The Proposal 
 In this work, a future look is proposed for the UAE to secure its power alongside 
its water needs by combining different renewable technologies. Since the government 
has invested in solar power in great scale, as well as, establishing nuclear power to meet 
its future demands and the continuous build up of desalination facilities to meet high 
water consumption levels, fuel cell technology can be a future asset in providing much 
of the needed power with pure water as a by-product. Rising water consumption levels 
indicate higher production of waste water from the different sectors within the country; 
putting a heavier strain on the current power and water production facilities.  
We can argue that there are alternative ways for securing both power and water 
for the future; while having no or low impact on the environment. Since the emirate of 
Abu Dhabi has many sewage treatment plants, as mentioned earlier, and many are being 
planned for the future; with better recycling of the produced water, a large portion of it 
can be readily available for hydrogen production. Most of the recycled-water produced 
by these plants is used for irrigation purposes. A system can be designed where solar 
energy can be used to power a sanitation plant; thus taking it off the grid. Afterwards, 
the produced water can be heated using concentrated solar energy or solar electricity in 
order to generate steam; which is then fed to an electrolysis system. Generating steam 
from waste water ensures that it does not need to be processed and/or purified even 
further to remove any solid contaminants that might affect the electrolysis cell 
performance. Also, high temperature steam electrolysis is more efficient than water 
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electrolysis because it consumes less power than water electrolysis and it is 
thermodynamically and kinetically favourable.[47] The products of electrolysis; i.e. 
oxygen and hydrogen gasses; can be stored or fed into existing pipelines for later uses. 
Storing hydrogen might be relatively easy in a major oil producing country with many 
storage tanks scattered around the country. There have been, also, many suggestions of 
storing hydrogen in depleted oil and gas fields, if this proves useful then the UAE has a 
great potential for having significant reserves of hydrogen. Oxygen on one hand can be 
used to generate an extra income by selling it to industry across the country or abroad; 
generating a source of income for such a project. Also, there are many indications that 
the fish stock in the gulf are declining as a result of the extensive desalination activities 
and other practices.[48] Thus, using pure oxygen for fish farming can be very useful. 
High oxygen level in the water is known to promote the growth of fish and improve its 
health and reproduction rates. Aeration systems which employ air may not raise the 
dissolved oxygen to significant levels in water due to the fact that there is only 21% 
available oxygen in air. Using air only can lead to increased consumption of power due 
to increased operation of such aeration systems. With the proposed waste water 
electrolysis using solar energy; abundant pure oxygen can be provided to a fish farming 
sector that will bring great benefits to the community in providing a major food 
resource; and if electrolysis is employed on a large scale, pure oxygen will be available 
at a lower cost, eventually.   
Hydrogen, on the other hand, can be used in many different ways in industry in 
the meantime; however, the UAE has many mature oil fields, where hydrogen can be 
injected into them to be stored for future uses. Hydrogen is already considered as a very 
favourable alternative to fossil fuels for automobiles with major companies planning 
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ahead the production of fuel cell driven vehicles. Major testing projects; e.g. 
“Controlled Hydrogen Fleet and Infrastructure Demonstration and Validation Project” 
in the USA and the “Japan Hydrogen Fuel Cell Project (JHFC)” in Japan; were started 
to test the prospect of hydrogen fuel cell vehicles and the underlying infrastructure, with 
major car manufacturers announcing their plans to start sales of such vehicles as early as 
2015.[52]  Since oil prices are currently generating a high return and the UAE has the 
funds and means nowadays to utilise renewable energy sources; an investment in 
building up a significant hydrogen reserve seems applicable with low financial risks. 
Ultimately, the aim is to use the produced hydrogen in  fuel cells generating both power 
and pure water from thin air; see figure 2.4. As scientific research continues to offer 
improvements to fuel cells in many different aspects, as well as, finding alternative 
materials altogether that would bring the cost of fuel cell systems down in the near 
future; having a significant hydrogen gas reserve will certainly prove to be very useful, 
especially if the hydrogen economy become very feasible in the near future. Moreover, 
given the huge amounts of natural gas that are being used currently to produce power 
and water; i.e. through desalination; in the UAE, there is a good alternative that can be 
utilised to improve efficiencies. This alternative is direct methane solid oxide fuel cells; 
which provide much higher efficiencies when compared to conventional gas 
turbines.[49] Methane can, also, be extracted from the waste water streams using 
different processes; e.g. anaerobic digestion of sludge; hence, increasing the overall 
efficiency of the proposed system for the UAE.[53,54] Most importantly, through 
proper exhaust management of the above type of fuel cell, pure water can be extracted 
and collected to be supplied to consumers; forming a co-generation system. 
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Figure 2.5: Flow chart representing the proposed hydrogen-based system for 
meeting future needs of the United Arab Emirates. 
The higher efficiency of a co-generation methane-based system will definitely lower the 
harmful impact on the environment while lowering the overall cost on the government 
in terms of fuel, as well as, maintenance costs; i.e. conventional hydrocarbon generators 
and gas turbines require extensive maintenance efforts to keep them in optimal 
condition. Such a system is very much feasible and can prove to be very cost effective. 
Also, there are some suggestions that SOFC systems can be utilised to drive a gas 
turbine through the utilisation of the generated high temperature exhaust. Such a design 
is thought to give over 65% efficiency.[50] These potential applications can be 
considered as major drivers in the development of alternative anode materials for solid 
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oxide fuel cells that are fuelled by hydrocarbon based fuels; e.g. methane. Such target 
can see a faster implementation of fuel cell technology in different markets without the 
complications of establishing a hydrogen-based economy or infrastructure. Current state 
of the art SOFC anodes, the Ni-YSZ cermet, degrade quite significantly with sulphur 
and carbon containing fuels; hence, finding new materials to address those issues is 
vital. 
What is needed now is a state funded project that will look into the feasibility of 
scaling up the proposed system (figure 2.5) so that it comes into par with existing 
technologies. Also, an involvement by the UAE government through investing in fuel 
cell technology can give a boost to the industry which can, in turn, bring in more 
governments and businesses into investing in fuel cells and the associated scientific 
research; thus driving the technology even further. The cost of such a plan will be 
immense at the beginning. However, if planned carefully, it can be seen that the initial 
cost of building a CSP plant, fuel cell units and electrolysis units along with the cost of 
an existing sanitation plant can be balanced by four new products. Hydrogen can be 
utilised and sold as a fuel for fuel cell based vehicles; e.g. the hydrogen bus.[40] 
Oxygen can be sold to different manufacturers as well to cover a bit of the initial cost if 
produced in large quantities and, as mentioned earlier, can be used in fish farming; 
which would generate a large income. When the hydrogen is used in the fuel cell unit it 
generates electricity which can be readily sold back to the grid. The by-product; pure 
water; is considered nowadays more valuable than oil and sometimes more expensive. 
Thus, a system like the one mentioned above can support itself with time and once all 
costs are covered, the system will generate huge profits since it is using free energy and 
wasted undrinkable water to make power and potable water at the end of the cycle. All 
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in all, achieving such a vision will require a long term commitment in order to bring the 
renewable technologies mentioned to the same level of production as the conventional 
technologies. Large scale fuel cells could at least provide and close the gap of electricity 
demand imposed by the use of air conditioning in the UAE; which will eventually lower 
the cost of generating electricity; e.g. about 40% of fuel could be saved; since fuel cells 
provide much higher efficiencies than most conventional systems.  
Fuel cells and electrolysis technology are developing by the day through 
research and an early investment in this sector will give the UAE a unique lead away 
from political and financial obstacles that may exist in other parts of the world. One 
might consider this part of the world well off when it comes to energy costs, but the 
reality is far from it. To achieve such stability requires very serious and bold decisions 
to be made in order to protect the local environment and keep the economy in a good 
shape. The study in this chapter justifies the search for alternative anode materials for 
SOFCs, which is the main part of this thesis. As shall be seen, finding new anodes that 
are tolerable to many different types of fuel, especially hydrocarbon based ones, is very 
important for countries like the UAE. As mentioned, being one of the major oil 
producing countries in the world, the UAE is already consuming so much in order to 
meet its local power and water demands. Thus, new anodes can provide the key 
ingredient to give a huge boost to fuel cells development and adaptation. Alternative 
anode materials that are tolerable to fuel impurities and well performing under 
hydrocarbons, especially methane, can bring huge investment/funding for research and 
manufacturing efforts from countries like the UAE. Under the current global 
economical conditions, funding for such research programmes is in short supply. Thus, 
from the need of many countries in this part of the world, a large boost can be attracted 
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for funding research in hydrogen/hydrocarbon based fuel cells that can be used for 
cogeneration of power and water very efficiently. These materials advancements can 
save so much in the cost of power and water production. As explained in chapter 1, 
perovskites do show tolerance to sulphur poisoning and carbon build-up, which are the 
main drawbacks of the Ni-YSZ cermets when operated under hydrocarbon based fuels. 
Thus, the development of a new perovskite based material to be used as an alternative 
anode material for fuel flexible SOFCs; which may show improvements to different 
performance parameters; is very important to see the wide scale use of fuel cells in a 
market where solar energy is considered almost the only choice. A market which is 
almost stretched to its limits to meet the current and future demands, where water is the 
most important commodity and fuel cells can provide the answer to that. 
2.9 - Conclusions 
 The climate and the nature of the United Arab Emirates led it to be one of the 
major energy consumers in the world, as well as, one of the top CO2 emitters per capita. 
Water scarcity puts a huge strain on the power sector due to extensive desalination; 
which does not look to be sustainable. Solar energy is an obvious choice for the UAE; 
but using it to provide constant power to the grid is not the optimal use of this energy. 
Utilising electrolysis and fuel cell technologies can prove very beneficial for the 
country. Generating hydrogen from waste water using solar energy driven electrolysis 
and utilising the oil industry infrastructure to store this hydrogen and transport it, the 
UAE can be a leader producer of green hydrogen. This will help to drive the fuel cell 
industry and the involved research efforts. Using hydrogen in large scale fuel cells can 
provide sufficient power and water; which are both equally vital in this part of the 
world.   
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Chapter 3 
 
Novel A-site deficient La0.2Sr0.7-xCaxTiO3 
Part 1 - Structural Characterisation 
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Abstract 
 As a potential novel SOFC anode material, solid solutions of the system 
La0.2Sr0.7-xCaxTiO3 were analysed and characterised using XRD and NPD. Symmetry 
changes were observed with differing calcium content and temperature. The new system 
strays off the ideal cubic symmetry of La0.2Sr0.7TiO3 with calcium substitution; while 
maintaining the perovskite phase. Samples with low calcium content showed a 
tetragonal I4/mcm symmetry whereas higher calcium content samples showed an 
orthorhombic Pbnm structure. This transition was reversed at high temperatures where 
samples showed transitions to higher symmetries; through Pbnm → I4/mcm → Pm3̅m. 
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3.1 - Introduction 
With La0.2Sr0.7TiO3 as the basis of the system studied in this work; the objective 
was to further improve the electrical conductivity by reducing the unit cell volume. 
Calcium was chosen to replace strontium in La0.2Sr0.7TiO3 since it has the same valence 
with a smaller ionic radius; i.e. 0.135 nm for Ca2+ compared to 0.144 nm for Sr2+ for 
coordination number 12.[1] If the unit cell volume is to become smaller; and electrical 
conduction takes place between the conduction bands in the 3d orbitals of the titanium, 
these orbitals will be closer to each other and their overlapping will increase. This route 
is anticipated to enhance the electrical conductivity of this type of perovskite. Also, 
since lanthanum doping was found to lower the density of samples when doped into 
SrTiO3[2], calcium introduction into the structure can improve the sintering behaviour, 
hence the density of the solid solutions, of the prepared samples. This is helpful to 
obtain the desired phase at much lower temperatures. CaTiO3 can form very stable solid 
solutions with many different elements; hence its use for radioactive waste storage; i.e. 
synthetic rock (synroc).[3]  Another effect that can be anticipated, as well, is the 
structural instability with calcium incorporation on the lattice due to the mismatch in 
ionic radii between the different cations, that can lead to distorted symmetries instead of 
getting the ideal, cubic, perovskite structure. Three types of distortions can take place in 
a perovskite structure; distortions to the BO6 octahedra, displacement of the B-site 
cation and the tilting of the octahedra around certain directions.[4] Thus, a structural 
understanding of the new material is essential to assess its suitability as anode material 
for SOFCs. Hence, this chapter is concerned with the structural analysis of La0.2Sr0.7-
xCaxTiO3 through different levels of calcium substitution. Diffraction studies were 
conducted to determine the crystal structure and unit cell parameters at room 
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temperature with different calcium content and at high temperatures for two chosen 
samples. 
3.2 - Results and Discussion 
3.2.1 - XRD Analysis 
Using XRD, all solid solutions showed a single phase perovskite structure which 
was very similar to SrTiO3 and La0.2Sr0.7TiO3; i.e. x = 0. All the collected patterns are 
shown in figure 3.1. 
 
Figure 3.1: Normalised XRD patterns of all synthesised samples of La0.2Sr0.7-xCaxTiO3. 
Note: numbers on the side represent x for calcium. 
The reduction in the unit cell volume with increasing calcium content was very obvious; 
i.e. from the apparent shift of the patterns toward higher angles. Taking a close look, all 
the main peaks of SrTiO3 cubic unit cell is matching well with the peaks detected with 
the new prepared system La0.2Sr0.7-xCaxTiO3; see figure 3.2. However, the ideal cubic 
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cell was not maintained and lower symmetries were detected. The clearest indication is 
the presence of a peak around 2θ = 38.58o, right before the [1 1 1] peak of SrTiO3; 
indicated by the arrow in figure 3.2. The new peak was an indication of a lower 
symmetry and impurities; e.g. rutile; were dismissed since the peak intensity increased 
with more calcium content and it was shifting along with the other peaks as the unit cell 
volume decreased, as shall be seen in the following pages. 
 
Figure 3.2: XRD pattern of La0.2Sr0.6Ca0.1TiO3 with reflections of SrTiO3 obtained from 
ICDD PDF card number: 35-734. Indices are those for the SrTiO3 phase, S.G.: Pm3-m. 
Note: the arrow points at the peak representing a new symmetry. 
Taking into account that the new system should have resemblances to the parent 
compounds, the end member of the series; i.e. La0.2Ca0.7TiO3 (x = 0.7); showed more 
reflections and it was compared to the other parent compound, CaTiO3. This can be seen 
in figure 3.3. 
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Figure 3.3: XRD pattern for La0.2Ca0.7TiO3 with reflections of CaTiO3 obtained from 
ICDD PDF card number:42-423. Indices correspond to some of the reflections of the 
CaTiO3 phase.  
Again, there is great resemblance between the patterns obtained in this work and the 
parent compounds. The starting composition La0.2Sr0.7TiO3 showed a cubic structure 
with space group Pm3-m with unit cell parameter a=3.9014(3).[5] A comparison was 
made between this compositions and the new system La0.2Sr0.7-xCaxTiO3 in order to 
investigate the structural changes, as well as, to establish phase purity after calcium 
introduction into this perovskite, this is shown in figure 3.4, where few samples of the 
new system are included for clarity. 
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Figure 3.4: Comparing the XRD patterns of the starting material La0.2Sr0.7TiO3 to those 
for some of the samples of La0.2Sr0.7-xCaxTiO3. 
As can be seen both sets of diffraction patterns show a great similarity between each 
other. The only difference that was noticed is the emergence of the peak, mentioned 
earlier; i.e. 2θ = 38.58o. Also, we noticed higher intensities for many of the peaks of the 
new system which can be attributed to either higher crystallinity of the new system, 
larger grains, and instrumental conditions or due to increased distortions in certain 
directions which involve the oxygen anions increasing the scattering strength of X-rays. 
The most likely cause for the larger intensities is the increased sinterability, as shall be 
seen in chapter 4, which generated higher densities coming from smaller unit cells due 
to calcium introduction; i.e. higher electrons density. Anyway, it was obvious that the 
system La0.2Sr0.7-xCaxTiO3 undergoes structural changes between Pm3-m and Pbnm 
through an intermediate phase with increasing calcium. This was expected since 
structural changes can be affected by having different cations on the A-site; as indicated 
by different authors; that by having a mismatch in ionic radii of the A or B cations; 
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distortions of the ideal cubic structure would result; usually through the tilting of the 
BO6 octahedra.[6,7,8] And there is a significant mismatch between the ionic radii of 
Sr2+ and Ca2+ as mentioned earlier. Also, having an A-site deficiency could lead to more 
distortions to the cubic unit cell in addition to the A-site cations ionic radii mismatch. 
As a point defect is generated in the lattice from the removal of an A-site cation; due to 
local relaxation around the defect; the local structure around this defect will be slightly 
distorted from the rest of the structure.[9] The whole structure should in theory balance 
this local relaxation by adopting symmetries which require less energy to maintain. 
To determine the correct symmetry for the system La0.2Sr0.7-xCaxTiO3 an understanding 
of the structures of the parent compounds was necessary. As mentioned earlier, 
La0.2Sr0.7TiO3 and most related compounds; e.g. LaxSr1-xTiO3-δ with x ≤ 0.4[2,10]; were 
reported to have the cubic Pm3-m symmetry. At room temperature (1-x)CaTiO3-
xLa2/3TiO3 was found to undergo structural changes from Pbnm for 0 ≤ x ≤ 0.5 to 
Ibmm(Imma) for 0.5 < x < 0.7 to I4/mcm for 0.7 < x < 0.9 to Cmmm for x ≥ 0.9.[11,12] 
The A-site deficient La2(1-x)/3CaxTiO3 was reported to be orthorhombic with Pbnm space 
group for x = 0.8[11,13]. From this, it was anticipated that the structure of 
La0.2Ca0.7TiO3 (x = 0.7) in our system should be orthorhombic with the space group 
Pbnm. On the other hand, Howard et. al.[14] reported that the system LaxSr1-3x/2TiO3 
has a cubic structure Pm3-m for x ≤ 0.2, I4/mcm for 0.2 < x ≤ 0.5 and finally Cmmm 
for x ≥ 0.55.  
Since the XRD pattern of the first sample in the series; i.e. La0.2Sr0.6Ca0.1TiO3; did not 
resemble a cubic structure; this has led to an initial confusion regarding the possible 
symmetries, or space groups, that the different compositions in our system might adopt. 
There are many contradicting reports for the correct symmetries for different 
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compositions of Sr1-xCaxTiO3 in literature. For example, Ball et. al.[15] have shown that 
the system is Pnma (Pbnm) for 0.6 ≤ x ≤ 1, Bmmb for 0.4 ≤ x ≤ 0.55, I4/mcm for 0.1 ≤ 
x ≤ 0.35 and Pm3-m for x ≤ 0.05. Qin et. al.[16] have reported that the system adopts 
the same sequence of Pbnm-Bmmb-I4/mcm-Pm3-m with decreasing content of calcium. 
In a later publication[17], the same authors have reported that there was no indication of 
a Bmmb symmetry by using Raman spectroscopy. The correct phases were Pbnm for 
0.33 < x ≤ 1, I4/mcm for 0.05 < x ≤ 0.33 and Pm3-m for x ≤ 0.05. Ranson et. al.[18] 
have also confirmed that the Bmmb phase does not exist and the correct phase was 
Pbnm for compositions with 0.4 ≤ x ≤ 0.55; however, they also indicated an Imma 
phase for 0.06 < x < 0.12. Yamanaka et. al.[19] have studied single crystals of Sr1-
xCaxTiO3 and concluded that the only phases were Pbnm for 0.4 ≤ x ≤ 1, I4/mcm for  
0.2 ≤ x < 0.4 and Pm3-m for x < 0.2. The Imma space group was also rejected by 
Howard et. al.[25] for the composition Ca0.3Sr0.7TiO3; where the correct space group 
that was assigned to this composition was I4/mcm. From all the above, it was concluded 
that calcium content will be the factor that determines the symmetry of the solid 
solutions prepared in this work. An analysis by Redfern[20] indicated that the peak 
around 2θ = 38.5o corresponds to the presence of the {2 1 1} peak of the tetragonal 
I4/mcm space group that CaTiO3 adopts around 1150
oC. The high temperature phases 
of CaTiO3 which move to higher symmetries as temperature is increased can be 
analogous to the phases that the new system La0.2Sr0.7-xCaxTiO3 adopts with decreased 
A-site ionic radii mismatch. At high temperatures, it can be argued that the perovskite 
unit cell is provided with enough energy to stabilise a higher symmetry regardless of the 
A-site ionic radius which caused the distortions associated with the lower symmetries. 
Hence, the same analogy was used to investigate the structural changes that resulted 
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from calcium introduction into La0.2Sr0.7TiO3, where the increased A-site ionic radii 
mismatch is seen as a mechanism that reduces the unit cell ability to hold the ideal cubic 
symmetry.   
Thus, using all the above inputs, it was possible to index the diffraction pattern of 
La0.2Sr0.6Ca0.1TiO3 with a tetragonal symmetry using the space group I4/mcm, as can be 
seen in figure 3.5. This space group was the most plausible in this case since the first 
composition in the series; i.e. x = 0.1; was expected to have a cubic symmetry similar to 
that of La0.2Sr0.7TiO3. It was thought that the unit cell would not have a significant 
distortion to result in a lower symmetry with the addition of calcium. However, many 
attempts to index the pattern of the La0.2Sr0.6Ca0.1TiO3 using the Pm3-m space group 
were not successful. Also, the new peak, indicated above; i.e. {211}; was ruled out to be 
a result of a secondary phase like contaminants or other oxide phases; e.g. rutile. 
 
Figure 3.5: XRD pattern of La0.2Sr0.6Ca0.1TiO3and indexed reflections using the 
tetragonal symmetry I4/mcm. 
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Very good fits were obtained using the above symmetry for all samples in the range   
0.1 ≤ x < 0.45; however, with more calcium; i.e. x ≥ 0.45, the system showed an extra 
peak which indicated an orthorhombic phase according to the analysis of Redfern; i.e. 
Pbnm for CaTiO3 at lower temperatures.[20]  Figure 3.6 shows the evolution of the 
system with increasing content of calcium. 
 
Figure 3.6: XRD patterns for samples of La0.2Sr0.7-xCaxTiO3 showing the different 
symmetries.  
The new peak; i.e. around 2θ = 36.8o; was indexed as the {120} reflection of the 
orthorhombic Pbnm space group. Figure 3.7 shows a closer picture of the behaviour of 
the new reflections with added calcium, where it can be seen that the intensity of the 
{211}, {120} and {121} reflections; which represent the different symmetries as 
indicated on figure 3.7, increased with increasing calcium content. It is known that the 
tetragonal I4/mcm have a tilt system a0a0c- in Glazer’s notation which indicates anti-
phase tilting around the (001) axis of the primitive cubic cell.[14] 
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Figure 3.7: Portion of the normalised XRD patterns for samples of La0.2Sr0.7-xCaxTiO3.  
The Pbnm phase adopts a different tilting system with Glazer’s notation of a−a−c+.[21] 
These tilts are the reason behind the lower symmetry than the ideal cubic perovskite 
structure. The increased intensity reflects that these tilts increase in magnitude with 
more calcium being incorporated into the structure of our system.[20] This finding is 
very reasonable given that the ionic radius mismatch on the A-site increases with 
increasing calcium content.  
Thus, from the XRD data the findings were that the system La0.2Sr0.7-xCaxTiO3 showed 
the tetragonal I4/mcm for 0.1 ≤ x ≤ 0.4 and the orthorhombic Pbnm for 0.45 ≤ x ≤ 0.7. 
The unit cell parameters and volume, obtained using the least square method of the 
different compositions are shown in table 3.1. 
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x S.G. ap (Å) bp (Å) cp (Å) Volume(Å3) 
0 Pm?̅?m 3.9014(3) 3.9014(3) 3.9014(3) 59.383(14) 
0.1 I4/mcm 3.8838(12) 3.8838(12) 3.8893(2) 58.666(49) 
0.2 I4/mcm 3.8697(5) 3.8697(5) 3.8788(35) 58.082(2) 
0.3 I4/mcm 3.86604(9) 3.86604(9) 3.87285(8) 57.8847(39) 
0.35 I4/mcm 3.86338(12) 3.86338(12) 3.86997(12) 57.7622(53) 
0.4 I4/mcm 3.8595(13) 3.8595(13) 3.86548(1) 57.5792(52) 
0.45 Pbnm 3.8549(2) 3.8638(7) 3.8612(2) 57.5109(31) 
0.5 Pbnm 3.8468(13) 3.85791(11) 3.85923(8) 57.2734(47) 
0.6 Pbnm 3.8425(21) 3.84977(13) 3.85049(8) 56.959(35) 
0.7 Pbnm 3.8368(17) 3.8409(3) 3.8425(15) 56.652(66) 
 
Table 3.1: Space groups and primitive unit cell parameters and volumes for synthesised 
compositions of the system La0.2Sr0.7-xCaxTiO3. 
Comparing the unit cell parameters provided by Zhang et. al.[12] for La0.2Ca0.7TiO3; i.e. 
ap = 3.8385 Å, bp = 3.8512 Å and cp = 3.8426 Å; to the ones obtained in this work, it 
can be seen that there is a very good agreement. This helped in indicating that the 
reasoning we used in determining the different symmetries of our samples by drawing 
analogies from other closely related perovskites was correct. The unit cell parameters 
and volumes for the different compositions were plotted against calcium content in 
figure 3.8 where it can be seen that the unit cell volume is evolving in an almost linear 
fashion along with the unit cell parameters in each phase. This shows that the system is 
only affected by small distortions that are attributed to the tilting of the perovskite 
octahedra.  
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Figure 3.8: Primitive unit cell parameters and volume as a function of calcium content. 
Unit cell parameters and volume of La0.2Sr0.7TiO3 (x = 0) were obtained from ref.[66]. 
Note: some of the error bars are contained within data points’ symbols. 
The unit cell parameters behaviour, however, shows some departure of the same 
linearity seen with the unit cell volume, especially with the sample La0.2Sr0.5Ca0.2TiO3 
(x = 0.2), where the c-parameter is showing a relatively large error. This can be 
attributed to a larger distortion taking place as strontium content decreases, however, the 
overall structure is trying to balance this offset coming from the A-site lattice points 
through the different planes, hence, different unit cells could have different lengths 
along the [0 0 1] direction, making it difficult to precisely determine the c-parameter for 
the overall sample. The same can be seen around x = 0.2 with the   a-parameter. Again, 
as the changes in symmetry that were found with this material originated from changes 
to the tilt angles of the BO6 octahedra, which is affected by the A-site ionic radius 
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mismatch, where there is a significant difference between the ionic radius of strontium 
compared to lanthanum and calcium ionic radii. Thus, the nonlinearity can be explained 
to be a result of much more localised distortions that cannot be explained with the 
current results and need further investigation to ascertain the existence of a phase 
change taking place around the mentioned sample. No extra or distinctive peaks can be 
seen in the XRD pattern of this particular sample, hence, we cannot determine the exact 
origin of this irregularity. 
The structure of this system a very good stability after reduction, see figure 3.9, with a 
slight increase in the unit cell volume. This increase is typical due to the reduction of 
titanium which gives a larger effective ionic radius for Ti3+.  
 
Figure 3.9: Comparison between XRD patterns of La0.2Sr0.6Ca0.1TiO3 to see the effect of 
reduction on the structure. Note: asterisks represent reflections of mounting grease.  
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Most samples were fired more than once at 1500oC to ensure phase purity and uniform 
solid state reaction. Calcium was chosen as dopant as it was thought to improve the 
sinterability of this type of perovskites. Thus, a comparison is shown in figure 3.10 to 
see the effect of synthesis on phase formation. 
 
Figure 3.10: XRD patterns of two different samples of La0.2Sr0.3Ca0.4TiO3 that were (a): 
fired once and (b): fired twice at 1500oC for 15 hours and 8 hours, respectively.  
As can be seen, both patterns show the same phase with no impurities detected 
suggesting that firing these samples once is sufficient to produce the correct phase. 
Also, a lower sintering temperature is sufficient to produce the correct phase, as can be 
seen from figure 3.11. Thus, it is very obvious that phase purity was achieved by firing 
the material at a lower temperature; which can help in reducing the cost of solid state 
synthesis of SOFCs anodes. This is also a good proof for the increased sinterability of 
the new system due to calcium introduction which reduced the temperature required to 
initiate the solid state reaction. 
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Figure 3.11: XRD patterns of two samples of La0.2Sr0.3Ca0.4TiO3 that were fired at 
different temperatures as shown. Note: The two patterns were obtained using different 
diffractometers.  
Many reports indicated that an Imma phase can/must exist between the Pbnm and 
I4/mcm phases [11,12,18]; we used Rietveld profile matching method to determine if 
the Imma phase existed in our system. This method was used since it provided a much 
better/reliable measure for the quality of the fitted model, where the FullProf WinPlotr 
gives a better visualisation of the model’s evolution compared to the least square 
method used previously. It should also be noted that the Rietveld method was used only 
to see which space group gave a better fit to the diffraction pattern of a single sample.  
Figures 3.12 and 3.13, show the XRD patterns of La0.2Sr0.3Ca0.4TiO3 (x = 0.4) with two 
fits corresponding to the I4/mcm and Imma space groups respectively. 
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Figure 3.12: Rietveld profile matching of the XRD pattern of La0.2Sr0.3Ca0.4TiO3 with 
I4/mcm space group with a,b = 5.46155(22) Å, c = 7.73590(26) Å. Rp: 9.70, Rwp: 12.8, 
Rexp:8.50, χ2:2.29. 
 
Figure 3.13: Rietveld profile matching of the XRD pattern of La0.2Sr0.3Ca0.4TiO3 with 
Imma space group with a=5.46765(15) Å, b=7.72377(50) Å, c= 5.46369(20) Å.         
Rp: 10.5, Rwp: 14.0, Rexp: 8.49, χ2: 2.72. 
From the above figures, it was clear that better fit was obtained with the I4/mcm 
structure. The two structures; i.e. I4/mcm and Imma; have similar reflections which 
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make it harder to distinguish between the two using conventional XRD techniques. The 
Imma phase may exist  in the system CaxSr1-xTiO3, as mentioned earlier, because the 
ionic mismatch between the A-site cations is of a considerable magnitude; given the 
large difference in ionic radius between strontium and calcium. However, with our 
system, the presence of lanthanum on the A-site is thought to balance this ionic radii 
mismatch giving the symmetries seen here. A phase map was made from the analysis of 
the XRD data obtained in this work along with data obtained from literature; this is 
shown in figure 3.14. 
 
Figure 3.14: Phase diagram of the ternary system CaTiO3-La2/3TiO3-SrTiO3. All 
numbers represent calcium content. Solid symbols represent the samples studied in this 
work and analysed using XRD data; where shaded ones represent compositions 
obtained from literature.[11,12,17,14,19]  refers to the tetragonal samples and  
refers to the orthorhombic samples. 
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It should be noted that in the phase map above the Imma space group reported on the 
line CaTiO3-La2/3TiO3[11,12] was excluded. Since the Imma structure gives a very 
similar diffraction pattern as an I4/mcm structure and there was no sufficient evidence 
of this phase in our data, thus its removal was in order to show the spread of the I4/mcm 
phase across the map; which leads us to believe that this can be the more accurate space 
group in this ternary system. Also, there is stronger evidence in the literature that the 
Imma phase does not exist on the line between CaTiO3-SrTiO3 which can indicate that 
this phase may be localised only at the line between CaTiO3 and La2/3TiO3. Castillo-
Martinez et. al.[22] indicated the same behaviour when calcium was introduced into the 
perovskite SrCrO3. With more calcium it was found that the structure adopts lower 
symmetries than the ideal cubic cell with phase transitions from Pm3-m to I4/mcm to 
Pbnm, where these observations were confirmed by ED and HRTEM.[22] Thus, from 
the analysis presented here the structures in the system La0.2Sr0.7-xCaxTiO3 with different 
calcium content are Pm3-m for x = 0, I4/mcm for 0.1 ≤ x ≤ 0.4 and Pbnm for 0.45 ≤ x ≤ 
0.7. All solid solutions showed phase purity and stability with different sintering 
temperatures and with reduction. 
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3.2.2 - NPD Analysis 
 Neutron diffraction was used to better determine that structure of the different 
samples of La0.2Sr0.7-xCaxTiO3. Since the symmetry changes were attributed to the 
tilting of the octahedra; and this involves the atomic positions of the oxygen anions in 
the structure; neutron diffraction is understood to give a better picture due to the 
relatively large scattering length of oxygen.[23] NPD data showed that the phase 
transition between I4/mcm and Pbnm was not at La0.2Sr0.25Ca0.45TiO3 (x=0.45) as was 
determined from XRD studies, but at La0.2Sr0.3Ca0.4TiO3 (x=0.4). Table 3.2 shows the 
results of the Rietveld refinement of the different samples at room temperature. Our 
initial analysis of adopting the tetragonal symmetry I4/mcm and orthorhombic Pbnm 
showed good fits with the data from neutron diffraction. Also, there were no indications 
of any secondary phases throughout the different compositions studied here; which 
confirms the initial conclusions from the XRD results. Starting with the structural 
parameters given by Yashima and Ali[24] for the tetragonal I4/mcm phases of CaTiO3 
at high temperatures; the compositions of the system La0.2Sr0.7-xCaxTiO3 for 0.1 ≤ x ≤ 
0.35 very good fits were obtained; as can be seen from figure 3.15.  It should be noted, 
at this point, that the occupancies of the different atomic sites were kept constant 
throughout the refinement procedure; since attempting to refine those did not result in 
any improvements to the fits nor it significantly changed the initial stoichiometry values 
that were used. Another important aspect here is that it was almost straightforward to 
refine the NPD patterns using the unit cell parameters and space groups that resulted 
from the XRD studies explained in the first section of this chapter.  
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Figure 3.15: Observed (Red), calculated (Black) NPD pattern and the difference line (in 
Blue) for La0.2Sr0.5Ca0.2TiO3 using I4/mcm space group. 
For the orthorhombic phases, the structural parameters given by Kennedy et. al.[7] were 
used to refine compositions in the range 0.4 ≤ x ≤ 0.7. The unit cell volume of the 
different samples studied here is shown in figure 3.16 plotted against calcium content. 
 
Figure 3.16: Unit cell volume of the studied samples of La0.2Sr0.7-xCaxTiO3 from NPD 
analysis. Note: error bars contained within the data points symbols. 
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x in La0.2Sr0.7-xCaxTiO3 0.1 0.2 0.3 0.35 0.4 0.45 0.5 0.6 0.7 
Space Group I4/mcm I4/mcm I4/mcm I4/mcm Pbnm Pbnm Pbnm Pbnm Pbnm 
Unit Cell Parameters          
a (Ǻ) 5.49188(7) 5.48200(10) 5.47153(9) 5.46967(15) 5.46525(11) 5.46211(7) 5.45053(23) 5.43749(27) 5.42213(17) 
b (Ǻ) 5.49188(7) 5.48200(10) 5.47153(9) 5.46967(15) 5.46699(11) 5.46338(7) 5.45351(22) 5.44635(21) 5.44102(14) 
c (Ǻ) 7.78107(18) 7.77807(20) 7.75443(23) 7.74916(32) 7.71426(27) 7.71399(21) 7.70132(25) 7.69044(42) 7.67594(29) 
V (Ǻ3) 234.683(7) 233.749(9) 232.149(9) 231.834(13) 230.490(10) 230.198(8) 228.918(15) 227.748(19) 226.455(13) 
Atomic Positions          
La,Sr,Ca 
x 
y 
z 
Biso(Ǻ2) 
0 
 0.5 
0.25 
0.341(24) 
0 
 0.5 
0.25 
0.521(29) 
0 
 0.5 
0.25 
0.424(28) 
0 
 0.5 
0.25 
0.334(31) 
-0.00814(93)  
0.49718(132)  
0.25 
0.161(28) 
-0.00436(147) 
0.50711(78) 
0.25 
0.462(25) 
0.00259(221) 
0.51071(66) 
0.25 
0.507(26) 
0.00461(154) 
0.51493(55) 
0.25 
0.422(31) 
0.00824(88) 
0.52036(42) 
0.25 
0.495(32) 
Ti 
x 
y 
z 
Biso(Ǻ2) 
0 
0 
0 
1.051(49) 
0 
0 
0 
0.791(51) 
0 
0 
0 
0.445(43) 
0 
0 
0 
0.790(55) 
0 
0 
0 
1.119(51) 
0 
0 
0 
0.625(37) 
0 
0 
0 
0.488(37) 
0 
0 
0 
0.763(45) 
0 
0 
0 
0.266(38) 
O1 
x 
y 
z 
Biso(Ǻ2) 
0 
0 
0.25 
0.486(48) 
0 
0 
0.25 
0.961(62) 
0 
0 
0.25 
1.496(50) 
0 
0 
0.25 
1.369(66) 
-0.05155(35)  
0.00142(195)  
0.25 
1.189(61) 
-0.05372(48) 
-0.00585(99) 
0.25 
0.878(48) 
-0.05277(68) 
-0.00799(87) 
0.25 
0.879(55) 
-0.05676(79) 
-0.00830(61) 
0.25 
0.392(63) 
-0.0613(6) 
-0.0098(4) 
0.25 
0.639(83) 
O2 
x 
y 
z 
Biso(Ǻ2) 
0.23134(13) 
0.73133(13) 
0 
0.981(31) 
0.22613(17) 
0.72613(17) 
0 
1.056(33) 
0.22061(18) 
0.72061(18) 
0 
1.073(27) 
0.21849(13) 
0.71849(13) 
0 
0.872(29) 
0.23814(112)  
0.26255(106)  
0.02270(15) 
1.070(38) 
0.23289(75) 
0.26907(67) 
0.02392(22) 
1.149(33) 
0.22909(65) 
0.27251(56) 
0.02683(28) 
1.157(36) 
0.22304(47) 
0.27813(45) 
0.02959(31) 
1.246(46) 
0.21839(38) 
0.28177(36) 
0.03169(23) 
0.988(48) 
R-factors 
Rp 3.48 3.68 3.63 3.75 3.68 3.35 2.77 3.42 3.13 
Rwp 4.76  4.98 5.01 5.09 4.96 4.44 3.59 4.52 4.13 
Rexp 1.95 1.96 2.02 1.93 1.86 1.77 2.01 1.77 1.92 
χ2 5.98 6.42 6.17 6.95 7.07 6.33 3.19 6.48 4.64 
 
Table 3.2: Summary of the Rietveld refinement results of NPD data for different samples of La0.2Sr0.7-xCaxTiO3 at room temperature.
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The unit cell volume of the whole system shows a continuous decrease with increasing 
content of calcium; with no irregularities observed. This can suggest a good stability of 
the perovskite phase. The unit cell parameters are shown in figure 3.17 for all the 
samples prepared in this work.  
 
Figure 3.17: The primitive unit cell parameters of the studied samples obtained from 
NPD analysis. Note: error bars are contained within the data points symbols. 
It can be seen that the unit cell parameters a and b within the orthorhombic phase close 
in on each other with less calcium content which indicate a transformation into a 
tetragonal phase. The same can be seen with the “a”, “b” and “c” parameters within the 
tetragonal phase suggesting that the structure is moving toward a higher symmetry. The 
“a” and “b” parameters seem to follow a straight line throughout the system where the 
“c” parameter shows a discontinuous change at the Pbnm-I4/mcm phase boundary. 
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With neutron diffraction, a better determination of the unit cell space group was 
possible. This was apparent especially with the compositions close to the phase 
boundary; i.e. x = 0.4 and 0.45. With XRD analysis, it was found that x = 0.4 adopted 
the tetragonal I4/mcm symmetry since there was no indication of the {1 2 0} reflection 
of the Pbnm phase. However, with NPD analysis, it was revealed that this composition 
is not quite tetragonal. It can be seen that the “a” and “b” unit cell parameters are almost 
overlapping. Fitting the data of this composition with the tetragonal symmetry did not 
result in a good fit. In the XRD studies, an irregular behaviour regarding the “c” 
parameter was found with calcium content; i.e. figure 3.8 in the XRD section; where it 
showed a large relative error compared to the other parameter at the composition with   
x = 0.2. The same thing can be seen here, where the “c” parameter for the same 
composition obtained from NPD diffraction is slightly off than the rest values. Also, the 
same can be seen for the compositions with x = 0.4 and 0.45, where the “c” parameter is 
showing a strange behaviour between the two samples. The only plausible explanation 
which might need further investigation in the future is that as the unit cell is going 
through a phase transition from Pbnm to I4/mcm symmetries, it experiences significant 
strains on the [0 0 1] direction due to all the distortions and changes to the tilt angles of 
the BO6 octahedra. As explained previously, the ionic radius mismatch is the major 
player here in determining the symmetry of the unit cells of these perovskites. Hence, 
the strain on the [0 0 1] direction does not follow a very linear or regular fashion as the 
strontium/calcium content is varying. The exact origins of this behaviour can be the 
topic of future investigations that, at the current stage, extend beyond the main scope of 
this work. Nonetheless, the findings here which are very similar to the XRD findings 
are very important indeed in giving another confirmation on the symmetries of the 
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different samples in the system La0.2Sr0.7-xCaxTiO3. Hence, the updated phase map of 
the system investigated here is shown in figure 3.18. 
 
Figure 3.18: Phase diagram of the ternary system CaTiO3-La2/3TiO3-SrTiO3. All 
numbers represent calcium content. Solid symbols represent the samples studied in this 
work and analysed using NPD data; where shaded ones represent compositions obtained 
from literature.[11,12,17,14,19]  refers to the tetragonal samples and  refers to the 
orthorhombic samples. 
With neutron diffraction the symmetries of the different samples investigated in this 
work, were better matched with those for the system CaxSr1-xTiO3; in terms of where; 
i.e. stoichiometry; the transition between Pbnm and I4/mcm takes place. In particular, 
the studies done by Qin et. al.[17] and Yamanaka et. al.[19] where both indicated that 
the orthorhombic phase Pbnm is continuous to x = 0.33 and 0.4, respectively. This has 
reassured us that the methodology employed to determine the correct structures of the 
different samples of the system La0.2Sr0.7-xCaxTiO3 was well chosen. A comparison 
between the primitive unit cell volumes obtained via XRD and NPD is shown in figure 
3.19. 
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Figure 3.19: Comparing the primitive unit cell volumes obtained from XRD and NPD; 
using the least square and Rietveld methods, respectively. Note: some error bars are 
contained within the data points symbols. 
The above figure shows a good agreement between the two sets of data for many of the 
samples studied. The errors are indicative that neutron diffraction is more suitable to 
study such distorted perovskites; i.e. much less compared to the XRD errors. The 
mismatch between the two sets of data in the range 0.2 ≤ x ≤ 0.35 can be explained from 
the fact that with X-rays, the reflections due to oxygen are less resolved when compared 
to neutrons. Overall, both sets show a uniform decrease with more calcium and no 
major discrepancies throughout the series. The unit cell volume has shown a 0.2% 
increase after reduction for La0.2Sr0.25Ca0.45TiO3 which is very close to the obtained 
value of 0.3% using XRD data for the same composition. This shows a good stability of 
the structure in reducing conditions. Using the atomic coordinates obtained from the 
NPD analysis of the different compounds it was possible to confirm the initial deduction 
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that the intensity of the {2 1 1} reflection reflects the amplitude of the anti-phase tilt 
along the [001] direction. This is represented in figure 3.20.  
 
 
Figure 3.20: Structure view along the [001̅] of the tetragonal samples of La0.2Sr0.7-
xCaxTiO3 where A: 0.1, B: 0.2, C: 0.3 and D: 0.35 for x. The out of phase tilt angles 
associated with the I4/mcm symmetry are shown; i.e. obtained using CrystalMaker®. 
The intensity of the {2 1 1} reflection increased with calcium content as can be seen 
from the NPD patterns in figure 3.21, which is indicative of the increase in the anti-
phase tilt angles.  
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Figure 3.21: Portion of the NPD patterns for samples of La0.2Sr0.7-xCaxTiO3 which show 
a tetragonal symmetry; 0.1 ≤ x ≤ 0.35; showing the {2 1 1} reflection.  
This confirms that the system adopts a lower symmetry as a result of the octahedra tilt 
which increases with calcium content. The figure above shows some traces of small 
peaks around the main peaks which can be resulting from contamination within the 
vanadium containers used in collecting the NPD patterns; i.e. these containers were 
difficult to clean. This is more apparent for the first two samples; i.e. x = 0.1 and x = 
0.2; which their patterns were collected at higher resolution compared to the others. For 
the orthorhombic phases, the anti-phase tilting occurred along the [100] and [010] 
directions along with an in-phase tilting along the [001] direction. The tilt systems along 
the [001] direction for the I4/mcm and Pbnm symmetries are shown in figure 3.22. 
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Figure 3.22: Structure views along the [001̅] showing the (A) anti-phase and (B) the in-
phase tilting of the TiO6 octahedra for the I4/mcm and Pbnm phases, respectively. 
The anti-phase tilting systems along the [100] and [010] directions are shown in figure 
3.23.  
 
Figure 3.23: Structure views along the (A) [100] and (B) [010] direction of the 
orthorhombic unit cell of La0.2Sr0.2Ca0.5TiO3; demonstrating the anti-phase tilting of the 
octahedra. 
The out-of-phase tilt angles in the different samples were calculated using the atomic 
coordinates for the O2 atom from the results of Rietveld refinement. The magnitude of 
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the angles was calculated using the method provided by Yashima and Ali[23] and Qin 
et. al.[17]. Taking the O2 atom coordinates as (
1
4
−  𝑢,
1
4
+  𝑣, 𝑤) the out-of-phase tilt 
angle along the [001] direction in the I4/mcm phase is equal to𝜑 = tan−1 4𝑢. The out-
of-phase tilt angles along the [100] and [010] directions in the Pbnm phase were equal 
to 𝜑 = tan−1 4√2𝑢. These calculated tilt angles were plotted against calcium content as 
shown in figure 3.24.  
 
Figure 3.24: The out-of-phase tilt angle values for the different compositions of 
La0.2Sr0.7-xCaxTiO3 at room temperature. Note: error bars are contained within the data 
points symbols. 
From the figure above, it is clear that the magnitude of the tilt angles is decreasing with 
decreasing calcium content which indicates a transition toward a higher symmetry. 
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Also, around the phase boundary the change looks continuous. This result is similar to 
the findings of Qin et. al.[17] for the system Sr1-xCaxTiO3; however, for CaTiO3 the out-
of-phase tilt angle was shown to be ≈ 12o. This value is higher than the obtained value 
for La0.2Ca0.7TiO3 which was 10.2
o. This can indicate that our system is less distorted 
than CaTiO3. The atomic coordinates were also used to investigate the bond lengths 
between the different cations and oxygen in the different samples. The first was the 
bond between titanium and oxygen to determine if the BO6 octahedra were rigid; i.e. not 
distorted; with different calcium content. This is shown in figure 3.25. 
 
Figure 3.25: Bond lengths between titanium and the neighbouring oxygen anions 
forming the BO6 octahedral for the different samples of La0.2Sr0.7-xCaxTiO3. Lines are 
guides to the eye. Note: error bars are contained within the data points symbols. 
As explained, elsewhere, the perovskite B cation is sitting in the void at the centre of the 
octahedron made up by 6 oxygen atoms. Usually, these octahedra are rigid and any 
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changes to the structure are manifested in changes in the tilt angles of these octahedra. 
From the behaviour of the bond lengths between the titanium (B-site) and the oxygen 
anions, it can be seen that at the phase boundary; i.e. x=0.4; and there is an obvious 
distortion that occurs to the octahedra themselves along with the accompanying tilts. 
Within the tetragonal phase it can be seen that while the Ti-O2 bond length is slightly 
increasing, the Ti-O1 bond length decreases with increasing calcium content. Within the 
orthorhombic phase; e.g. x > 0.45; the Ti-O1 bond is relatively constant as calcium 
content is increased; whereas the distortion to the octahedra is localised along the Ti-O2 
bonds. It can be seen from the lengths of the latter bonds that the distortion is 
maximised around the phase boundary between the I4/mcm and Pbnm symmetries; 
which is very apparent from the difference between the two Ti-O2 bonds. This 
difference indicates that the each octahedron becomes elongated along one axis while 
the other bond becomes smaller around the phase boundary. These two Ti-O2 bonds are 
brought closer together at higher calcium content; i.e. x > 0.5; to end up with very 
similar values at x = 0.7; which indicates a less distorted octahedra. This confirms that 
as the ionic radius mismatch on the A-site increases with increasing calcium content, 
the system adopts a lower symmetry not only through the change in the tilt of the 
octahedra; but also through distortions to the octahedra themselves; which are quite 
significant around the phase boundary. In other words, the system starts with a 
relatively rigid octahedra up to x = 0.2 after which distortions take place only to 
stabilise with slightly larger octahedra with x ≥ 0.5. Within the intermediate 
compositions; i.e. 0.3  ≤  x  ≤  0.5, the ionic radius mismatch is greater. The origin of the 
octahedra distortions may be a result of the A-site deficiency in the system La0.2Sr0.7-
xCaxTiO3. As discussed earlier, with the reported symmetries of the stoichiometric 
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compounds of the system Ca1-xSrxTiO3; most of the reports seldom mention distortions 
to the TiO6 octahedra and only discuss the different changes to the tilt angles 
corresponding to the lower symmetry space groups. The octahedra distortions in our 
system indicate less rigid TiO6 octahedra; which was indicated by the relatively higher 
isothermal parameters of the titanium atomic position; i.e. table 3.2; when compared to 
the A-site isothermal parameter in most of the different samples. Thus, this shows that 
in the system La0.2Sr0.7-xCaxTiO3, the structure is influenced by an interplay between the 
A-site ionic radius mismatch and the defects created by the A-site deficiency. The bond 
lengths between the A-site cations and oxygen anions are plotted in figure 3.26. 
 
Figure 3.26: Bond lengths between the A-site cation and oxygen in the perovskite unit 
cell for the different samples of La0.2Sr0.7-xCaxTiO3. The lines are guides to the eye. 
The behaviour of the A-O bonds are more subtle when compared to the Ti-O bonds, as 
was shown above. First, it can be seen that the A-O1 bond length is almost constant 
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since there are no tilts involved in the x and y directions within the tetragonal phase. 
The A-O2 bond length, however, shows a decrease which can be linked to the out-of-
phase tilt angle along the z-axis ([001] direction), as well as, the reduction in unit cell 
volume. Second, in the orthorhombic phase, the A-O1 is almost constant again while 
the A-O2 bond length increases with increasing calcium content; which indicates 
increased distortions to the octahedra originating from more tilt angles being present. 
The A-O1 bond length change with calcium content is very small compared to the unit 
cell volume; which indicate that the unit cell volume is mainly controlled by the 
distortions of the octahedra. In other words, as the system adopts the orthorhombic 
phase, the unit cell volume is largely affected by the tilts of the octahedra.  
CaTiO3 was found to undergo two phase transitions which were reversible; Pbnm to 
I4/mcm and I4/mcm to Pm3̅m at 1498K and 1634K respectively.[23] The same 
behaviour was reported by Kennedy et. al.[7] where the Pbnm-I4/mcm transition 
occurred near 1500K and the I4/mcm-Pm3̅m transition occurred above 1580K. 
Redfern[20] also indicated the same using XRD analysis where he reported the Pbnm-
I4/mcm transition to occur around 1423K and the I4/mcm-Pm3̅m at 1523K.  
Two samples of La0.2Sr0.7-xCaxTiO3; i.e. x = 0.45 and 0.5; were analyzed at high 
temperatures to determine the structural changes that occur. These two were chosen to 
see the structural differences between them since they are close to the phase boundary 
and showed a change in the electrical conductivity that was increasing with calcium 
content up to x = 0.45 and then started decreasing for samples with x  ≥  0.5.  
Figure 3.27 shows NPD patterns collected at different temperatures for 
La0.2Sr0.2Ca0.5TiO3 where different symmetries were observed.  
102 
 
 
Figure 3.27: NPD patterns for La0.2Sr0.2Ca0.5TiO3 showing the phase transitions at high 
temperatures. 
From the patterns above, it is very obvious that the system is moving to higher 
symmetry as it was heated; which were very well fitted as shown in figure 3.28. This 
result shows that the system investigated in this work adopts higher symmetries at much 
lower temperatures than CaTiO3; which indicates much lower distortions to the 
perovskite structure. The structural parameters obtained from Rietveld refinement of a 
reduced sample of La0.2Sr0.25Ca0.45TiO3 are summarised in table 3.3 and the unit cell 
parameters and volumes are plotted against temperature in figure 3.29.  
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Figure 3.28: Rietveld refinement results of NPD patterns for La0.2Sr0.2Ca0.5TiO3 at (a) 
900oC, (b) 300oC and (c) at room temperature.  
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Temperature R.T. 100oC 200oC 300oC 500oC 600oC 700oC 800oC 900oC 
Space Group Pbnm Pbnm Pbnm I4/mcm I4/mcm I4/mcm I4/mcm I4/mcm Pm?̅?m 
Unit Cell Parameters         
a (Ǻ) 5.46555(11) 5.47200(43) 5.48256(16) 5.47519(15) 5.48476(13) 5.49600(11) 5.50334(15) 5.51489(78) 3.90390(4) 
b (Ǻ) 5.46636(11) 5.47429(40) 5.48302(16) 5.47519(15) 5.48476(13) 5.49600(11) 5.50334(15) 5.51489(78) 3.90390(4) 
c (Ǻ) 7.72028(32) 7.72631(34) 7.74109(46) 7.75914(39) 7.77881(35) 7.79341(31) 7.80009(42) 7.80208(216) 3.90390(4) 
V (Ǻ3) 230.656(12) 231.444(27) 232.705(17) 232.601(15) 234.007(13) 235.408(12) 236.239(16) 237.293(81) 59.497(1) 
Atomic Positions         
La,Sr,Ca 
x 
y 
z 
Biso(Ǻ2) 
-0.0071(27) 
0.5068(10) 
0.25 
0.557(29) 
-0.0054(23) 
0.5056(13) 
0.25 
0.741(34) 
-0.0073(18) 
0.5007(22) 
0.25 
0.918(35) 
0 
0.5 
0.25 
0.987(41) 
0 
0.5 
0.25 
1.366(41) 
0 
0.5 
0.25 
1.612(58) 
0 
0.5 
0.25 
1.868(59) 
0 
0.5 
0.25 
2.093(65) 
0.5 
0.5 
0.5 
2.139(60) 
Ti 
x 
y 
z 
Biso(Ǻ2) 
0 
0 
0 
0.603(41) 
0 
0 
0 
0.748(48) 
0 
0 
0 
0.682(48) 
0 
0 
0 
1.040(57) 
0 
0 
0 
1.200(59) 
0 
0 
0 
1.403(73) 
0 
0 
0 
1.705(77) 
0 
0 
0 
1.790(90) 
0 
0 
0 
1.485(59) 
O1 
x 
y 
z 
Biso(Ǻ2) 
-0.05226(73) 
-0.0075(13) 
0.25 
1.377(81) 
-0.05465(74) 
-0.0108(14) 
0.25 
1.426(81) 
-0.0460(10) 
0.0026(29) 
0.25 
1.99(12) 
0 
0 
0.25 
2.266(72) 
0 
0 
0.25 
1.972(74) 
0 
0 
0.25 
1.65(11) 
0 
0 
0.25 
1.48(11) 
0 
0 
0.25 
1.45(13) 
0.5 
0 
0 
3.286(38) 
O2 
x 
y 
z 
Biso(Ǻ2) 
0.23052(83) 
0.27011(79) 
0.02594(29) 
0.949(45) 
0.2322(11) 
0.2705(10) 
0.02378(34) 
1.061(46) 
0.2323 (16) 
0.2617(11) 
0.02367(40) 
1.374(63) 
0.21743(17) 
0.71743(17) 
0 
1.743(36) 
0.22214(20) 
0.72214(20) 
0 
2.456(46) 
0.22510(23) 
0.72150(23) 
0 
2.840(71) 
0.22902(26) 
0.72902(26) 
0 
3.346(78) 
0.23533(44) 
0.73533(44) 
0 
3.881(99) 
- 
- 
- 
R-
factors 
Rp 2.90 3.68 4.16 3.91 3.85 3.68 3.44 3.93 3.35 
Rwp 3.70 4.67 5.38 4.97 4.97 4.71 4.39 5.05 4.51 
Rexp 1.98 3.54 3.67 3.57 3.66 3.46 3.42 3.40 2.00 
χ2 3.48 1.74 2.14 1.94 1.84 1.86 1.65 2.20 5.09 
 
Table 3.3: Summary of the Rietveld refinement results of NPD data for a reduced sample of La0.2Sr0.25Ca0.45TiO3 at different temperatures. 
105 
 
 
Figure 3.29: Unit cell parameters for a reduced sample of La0.2Sr0.25Ca0.45TiO3 as a 
function of temperature. Note: error bars are contained within the data points symbols. 
It can be seen that the “a” and “b” unit cell parameters were very close to each other as 
was the case with the as-prepared La0.2Sr0.25Ca0.45TiO3 at room temperature. As the 
temperature was raised, thermal expansion separated the two parameters slightly where 
at 300oC they moved closer to each other indicating a higher symmetry. The 
discontinuous change in the “c” parameter however indicates a first order transition 
between the Pbnm and I4/mcm. The transition from the I4/mcm to the Pm3-m phase can 
be seen to be of a second or higher order from the continuous trend of the unit cell 
parameters; as was the case with CaTiO3 at high temperatures.[23] The primitive unit 
cell volume of the reduced La0.2Sr0.25Ca0.45TiO3 at different temperatures is shown in 
figure 3.30; where it can be seen that the volume increased with temperature without 
106 
 
any major irregularities; which indicates a very good stability of the structure with 
temperature.  
 
Figure 3.30: Primitive unit cell volume of the reduced La0.2Sr0.25Ca0.45TiO3 plotted 
against temperature. Note: error bars are contained within the data points symbols. 
La0.2Sr0.2Ca0.5TiO3 (x = 0.5) has also shown the same high temperature transitions as 
La0.2Sr0.25Ca0.45TiO3 (x = 0.45). The unit cell parameters are plotted against temperature 
in figure 3.31. The refined structural parameters for La0.2Sr0.2Ca0.5TiO3 are summarised 
in table 3.4.  
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Temperature R.T. 300oC 500oC 600oC 700oC 900oC 
Space Group Pbnm I4/mcm I4/mcm I4/mcm I4/mcm Pm?̅?m 
Unit Cell Parameters       
a (Ǻ) 5.45053(23) 5.46744(19) 5.47925(19) 5.48742(13) 5.49423(14) 3.89750(4) 
b (Ǻ) 5.45351(22) 5.46744(19) 5.47925(19) 5.48742(13) 5.49423(14) 3.89750(4) 
c (Ǻ) 7.70132(25) 7.74474(39) 7.76746(40) 7.77707(33) 7.78345(39) 3.89750(4) 
V (Ǻ3) 228.918(15) 231.513(16) 233.196(16) 234.182(13) 234.955(15) 59.205(1) 
Atomic Positions       
La,Sr,Ca 
x 
y 
z 
Biso(Ǻ2) 
0.0026(22) 
0.51071(66) 
0.25 
0.507(26) 
0 
0.5 
0.25 
1.290(62) 
0 
0.5 
0.25 
1.616(62) 
0 
0.5 
0.25 
1.724(62) 
0 
0.5 
0.25 
1.938(62) 
0.5 
0.5 
0.5 
2.270(79) 
Ti 
x 
y 
z 
Biso(Ǻ2) 
0 
0 
0 
0.488(37) 
0 
0 
0 
1.270(78) 
0 
0 
0 
1.481(74) 
0 
0 
0 
1.508(76) 
0 
0 
0 
1.710(77) 
0 
0 
0 
1.699(90) 
O1 
x 
y 
z 
Biso(Ǻ2) 
-0.05277(68) 
-0.00799(87) 
0.25 
0.879(55) 
0 
0 
0.25 
2.27(15) 
0 
0 
0.25 
1.69(10) 
0 
0 
0.25 
1.60(10) 
0 
0 
0.25 
1.57(11) 
0.5 
0 
0 
3.382(45) 
O2 
x 
y 
z 
Biso(Ǻ2) 
0.22909(65) 
0.27251(56) 
0.02683(28) 
1.157(36) 
0.21729(19) 
0.71729(19) 
0 
1.628(59) 
0.22164(23) 
0.72164(23) 
0 
2.521(64) 
0.22361(24) 
0.72361(24) 
0 
2.812(69) 
0.22696(27) 
0.72696(27) 
0 
3.235(76) 
- 
- 
- 
- 
R-factors 
Rp 2.77 3.63 3.66 3.61 3.39 3.22 
Rwp 3.59 4.72 4.64 4.67 4.39 4.50 
Rexp 2.01 3.48 3.46 3.45 3.44 1.92 
χ2 3.19 1.84 1.80 1.83 1.62 5.48 
 
Table 3.4: Summary of the Rietveld refinement results of NPD data of La0.2Sr0.2Ca0.5TiO3 at different temperatures.
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Figure 3.31: Unit cell parameters for La0.2Sr0.2Ca0.5TiO3 as a function of temperature. 
Note: error bars are contained within the data points symbols.  
The above result, again, show good stability for the second sample that was tested at 
higher temperatures; where the unit cell parameters are changing in the same manner as 
those for the reduced La0.2Sr0.25Ca0.45TiO3. The unit cell volume is shown in figure 3.32. 
 
Figure 3.32: Primitive unit cell volume of La0.2Sr0.2Ca0.5TiO3 as a function of 
temperature. Note: error bars are contained within the data points symbols.  
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 From the plots of the unit cell volume as a function of temperature it was found that for 
both samples; i.e. x = 0.45 and x = 0.5; the unit cell volume increased with a rate of 
0.002 Å3/oC; indicating a very similar thermal expansion of the unit cell for these two 
closely related compositions.  
Since distortions to the octahedra were found earlier; especially for compositions close 
to the phase boundary; this distortion was assumed to be removed at higher 
temperatures. Figure 3.33 shows the bond lengths between titanium and oxygen anions 
for La0.2Sr0.2Ca0.5TiO3 as a function of temperature. 
 
Figure 3.33: Bond lengths between titanium and oxygen for La0.2Sr0.2Ca0.5TiO3 at high 
temperatures. Note: error bars are contained within the data points symbols.  
The result above confirms that the distortion is lowered with increasing temperature; 
which indicates a higher symmetry of this type of perovskite. The phase transitions with 
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temperature were found to be reversible as shown in figure 3.34; which shows the NPD 
patterns for La0.2Sr0.2Ca0.5TiO3 obtained at 500
oC during heating and cooling.  
 
Figure 3.34: NPD patterns of La0.2Sr0.2Ca0.5TiO3 at 500
oC collected during (a) heating 
and (b) cooling. The inset shows a closer look into a portion of the same patterns. 
The symmetry of the unit cell of the above sample changed from I4/mcm to Pm3̅m at 
900oC. Thus, the result above shows the same I4/mcm unit cell as the sample was 
cooled down to 500oC again. This indicates that the phase transitions present in the 
samples studied here are reversible and the structures are dependent on temperature. 
Also, it shows that the studied system has a very good structural stability with thermal 
cycling. The results outlined in this chapter indicate that in the system La0.2Sr0.7-
xCaxTiO3, two types of distortion are present; i.e. the tilting of the octahedra along with 
distortions to the octahedra themselves. All these distortions seem to become smaller 
with less calcium present in the structure as well as at higher temperatures. This was 
expected; since increasing the A-site cation radius for a given B cation can give a higher 
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symmetry as well as raising the temperature.[4] With a bigger effective A-site size, the 
perovskite unit cell is well supported and the distortions are removed; where at higher 
temperatures, due to atomic vibrations, the effective A-site size increases as well; which 
result in higher symmetries as was seen earlier. Most important is that the distortions in 
the system La0.2Sr0.7-xCaxTiO3 turned out to be much less than the parent compound 
CaTiO3 which helped the system adopting the ideal cubic symmetry at much lower 
temperatures.  
3.3 - Conclusions 
 XRD and NPD studies have showed that all the prepared samples of La0.2Sr0.7-
xCaxTiO3 have shown stable perovskite structures with all the solid solutions being 
phase pure. The structures here have moved from the ideal cubic symmetry of 
La0.2Sr0.7TiO3 to lower symmetries with calcium introduction into the system. This 
change is driven by the ionic radii mismatch of the A-site cations; which resulted in 
slight distortions to the BO6 octahedra which manifested into in-phase and out-of-phase 
tilts. The distortions were not very severe as with the system Ca1-xSrxTiO3 where there 
are disagreements in the literature of the correct space groups. The ionic radius 
mismatch was less pronounced due to the presence of the same level of lanthanum in 
the A-site throughout the range of samples investigated here. The system showed a 
tetragonal I4/mcm symmetry for 0.1 ≤ x ≤ 0.35 and an orthorhombic Pbnm symmetry 
for 0.4 ≤ x ≤ 0.7. Samples showed structural stability with different sintering 
temperatures and repetitions as well as with reduction. High temperature NPD studies 
showed a systematic evolution of the samples to higher symmetries following the 
sequence Pbnm → I4/mcm → Pm3̅m with increasing temperature. The unit cell 
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parameters and volumes shows very good stability with temperature with no major 
irregularities. From all the structural investigations presented here, it can be deduced 
that the system La0.2Sr0.7-xCaxTiO3 shows impressive stability of the perovskite phase 
which makes it a very competitive anode material for SOFCs. This especially true for 
La0.2Sr0.25Ca0.45TiO3 which showed the highest electrical conductivity; i.e. as discussed 
in chapter 4; among the different samples and showed a stable structure at different 
temperatures and after reduction making it a very good candidate as anode material for 
SOFC that shows a very good thermal and chemical stability. 
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Chapter 4 
 
Novel A-site Deficient La0.2Sr0.7-xCaxTiO3 
Part 2 – Further Analysis 
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Abstract 
Samples of La0.2Sr0.7-xCaxTiO3 were analysed in terms of electrical conductivity, 
thermal and chemical properties through dilatometry and thermogravimetric analysis 
and finally studies of the morphology of the material. The system showed very 
encouraging properties to be regarded as a very good candidate as an anode material for 
SOFCs. Thermal studies showed close thermal expansion coefficient to YSZ and very 
similar shrinkage behaviour. Also, TGA measurements showed that the maximum 
electrical conductivity that was achieved with the composition La0.2Sr0.25Ca0.45TiO3-δ; 
i.e. σ = 27.5 S/cm; was a result of an oxygen deficiency of δ = 0.034. DTA analysis 
showed no evidence of significant phase transitions; signifying very small distortions. 
DC conductivity measurements showed an increasing conductivity as calcium content 
increased up to x = 0.45; after which it started to decrease with increased calcium 
content. SEM studies showed very good sinterability of the solid solutions prepared and 
no significant effects on the morphology due to different thermal treatments and/or 
reduction. 
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4.1 - Introduction 
 As explained in previous chapters, La0.2Sr0.7-xCaxTiO3 was chosen as a system to 
investigate its suitability as anode material for SOFCs. In chapter 3, the system showed 
very good stability of the perovskite phase throughout the series as well as with 
reduction and temperature. The symmetry changes were due to octahedral tilting and 
distortions which were less severe than the parent compound CaTiO3. However, in 
many occasions, small distortions can have profound effects on many different 
properties of the material, especially its electrical conductivity. 
In this chapter, different analysis techniques were used in order to understand 
this material behaviour and suitability as anode material for SOFCs. First, the thermal 
expansion coefficient was measured for different samples using dilatometry, as well as, 
samples shrinkage/sintering behaviour was compared to that of YSZ. This is one of the 
main challenges in the design of new materials of SOFC anodes. Next, changes to 
samples stoichiometry through reduction and oxidation at different temperatures were 
determined using TGA. The electrical conductivity of these titanates depends on the 
ease of reducing Ti4+ which introduces electrons into the conduction bands. The third 
part dealt with the samples electrical conductivity at different temperatures and oxygen 
partial pressures. All samples were initially studies as prepared and were reduced in-situ 
at 900oC, however, as the main objective of this work was to find which sample from 
the series La0.2Sr0.7-xCaxTiO3 showed the highest electrical conductivity, all samples 
were prepared and pre-reduced prior to conductivity measurements to ensure reliability 
of comparison of the different samples. And finally, the morphology of the different 
samples was studied using SEM, to see how much calcium introduction can affect the 
microstructure of the solid solutions of this system.   
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4.2 – Thermal Analysis 
4.2.1 – Thermal Expansion 
Any new material that would be utilised as a component in SOFCs should be 
compatible with the other components both mechanically and chemically. The thermal 
expansion coefficient (TEC) is an important quantitative measure to determine the 
suitability of materials to be used along/with other materials in any high temperature 
system. The TEC was measured for different samples of La0.2Sr0.7-xCaxTiO3 and 
compared to that of the state-of-art electrolyte YSZ. Also, the shrinkage/sintering 
behaviour of samples was observed during sintering and compared to YSZ as well.  
Results and Discussion 
The TEC of the first sample in the series; i.e. x = 0.1; is shown in figure 4.1, 
where the sample was thermally cycled between ambient temperature and 1000oC in 
5%H2/95%Ar atmosphere. 
 
Figure 4.1: Thermal expansion curves of La0.2Sr0.6Ca0.1TiO3 measured in 5%H2 showing 
TEC during heating (a) and cooling (b). 
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The TEC values shown in the above figure indicate slightly higher values to the TEC of 
YSZ; i.e. 10.2–10.8×10−6 K−1[1,2]. The TEC values for the different samples studied in 
this work are shown in table 4.1.   
x TEC (K-1) Atmosphere 
0.1 11.21710-6 5%H2 
0.2 6.60810-6 5%H2 
0.35 7.45610-6 5%H2 
0.4 10.41910-6 5%H2 
0.45 7.97210-6 5%H2 
0.45 8.96810-6 Air 
0.5 10.17910-6 Air 
0.7 10.16010-6 5%H2 
 
Table 4.1: Thermal expansion coefficients of different samples of La0.2Sr0.7-xCaxTiO3 as 
measured between ambient temperature and 1000oC. 
The obtained TECs for the samples studied here are less than the ones reported for 
LaxSr1-xTiO3, where the TEC values varied between 11 – 12  10-6 K-1 for compositions 
of x = 0.1 – 0.4.[3] The results here show no consistent dependence of the TEC on 
calcium content. The highest TEC was measured for the strontium rich composition 
La0.2Sr0.6Ca0.1TiO3; which can be explained by the larger size of the strontium cation, 
giving, initially a higher thermal expansion. The sample x = 0.4; which showed the 
transition to the Pbnm space group, at room temperature, with increasing calcium 
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content; was the one that showed the closest TEC value to that of YSZ. The TEC 
behaviour of the different samples can be affected by the thermal history.[4] The sample 
La0.2Sr0.25Ca0.45TiO3 has shown the highest electrical conductivity among the different 
samples; its TEC curves are shown in figure 4.2.  
 
Figure 4.2: Thermal expansion curves of La0.2Sr0.25Ca0.45TiO3 measured while (a) 
heating in air and (b) cooling in 5%H2:95%Ar. 
This sample TEC was found to be higher; i.e. closer to the TEC of YSZ; when it is 
heated in air compared to being heated in 5%H2. This result was the opposite to the 
behaviour of La0.2Sr0.7TiO3 which showed higher TEC when measured under 5%H2 
than that in air.[4] This can be explained to the distorted unit cell of La0.2Sr0.7-xCaxTiO3 
compared to the cubic La0.2Sr0.7TiO3, which might affect the thermal expansion of the 
material. Also, as Lee and Manthiram[5] indicated, the results here can indicate a 
response to reduction in the material under study here; i.e. oxygen ion vacancies 
presence lowers the thermal expansion coefficient of a given oxide. Thus, the different 
TEC values that are shown in table 4.1 can be explained by differences in oxygen 
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deficiency/vacancies between the different samples and the different atmospheres that 
the experiments were conducted at. This is more clear with the result shown in figure 
4.2, above, when the sample was held in an atmosphere of 5%H2 at 1050
oC for at least 
10 hours; giving a much lower TEC compared with the other 5%H2 runs shown in table 
4.2, which were reduced at 1000oC. The behaviour of the thermal expansion curves for 
the samples studied here all indicate very good stability and apparent linear response to 
temperature. The TEC of the samples here can be brought to close values to that of the 
YSZ through careful considerations of the synthesis method and through control of the 
microstructure that can tailor the reduction mechanism in these perovskites in order to 
minimise any unwanted stresses between the anode and electrolyte during operation of a 
solid oxide fuel cell. In the development of new anode materials for SOFCs, 
compatibility with other components is very important. In synthesis, the different 
components, usually synthesised in-situ, should all shrink/expand in a similar manner. 
Thus, different samples of La0.2Sr0.7-xCaxiO3 were studied for their shrinkage behaviour 
during sintering in air. 
 
Figure 4.3: Sintering behaviour of various samples of La0.2Sr0.7-xCaxTiO3 in air. 
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It can be seen from figure 4.3 that the solid state reaction in the new compositions starts 
at temperatures around 1200oC; which indicates that calcium introduction did lower the 
melting point and improved the densification of the solid solutions obtained in this 
work. Again, there is no relevant dependence on calcium content. The shrinkage of the 
composition x=0.45 compared to that of YSZ is shown in figure 4.5, where a very good 
match with YSZ can be seen. As this sample showed the highest electrical conductivity, 
its sintering behaviour is very close to that of YSZ, which makes it a very strong 
candidate/alternative as an anode material in SOFCs. 
 
Figure 4.4: Sintering behaviour of La0.2Sr0.25Ca0.45TiO3 in air compared to that of YSZ. 
The above result was used to determine the temperature at which La0.2Sr0.25Ca0.45TiO3 
sintering begins by taking the differential of the above curves. As shown in figure 4.5, 
the sample behaviour is very close to the YSZ. 
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Figure 4.5: Plot showing the temperatures at which both materials start the sintering 
process. 
Both materials start sintering at very close temperatures; the minima of the differential 
curves differ by only 16oC; which is relatively comparable at these high temperatures. 
The results above show that the system La0.2Sr0.7-xCaxTiO3 is showing very encouraging 
thermal expansion behaviour which is very close to the widely used SOFC electrolyte 
YSZ. TEC values indicated that the closest composition to the YSZ TEC was the one 
with x =0.4 which was heated in 5%H2. The TECs reported here were not that different 
from the ones reported by Savaniu and Irvine for dense samples of La0.2Sr0.7TiO3; i.e. 
9.4510-6 K-1 in 5%H2 and 8.55  10-6 K-1 in air.[4] There are strong indications that the 
thermal expansion coefficient of these samples depends or greatly affected by oxygen 
vacancies concentration as well as by the ionic radius mismatch that exists in the 
studied samples.  Also, strontium can lead to irregular thermal expansion coefficients 
and significant dimensional changes on redox cycling.[7] Hence, this is a major driver 
for the work conducted in this thesis, where lower strontium content can bring a better 
match of the thermal expansion coefficient of the new anode material to that of the 
electrolyte material.   
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4.2.2 - TGA/DTA Analysis 
The electrical conductivity of La0.2Sr0.7-xCaxTiO3 depends on the oxygen 
stoichiometry where it was found, from DC conductivity measurements, that the higher 
the reduction level was the higher the resultant electrical conductivity. TG analysis is 
useful in determining how large the oxygen deficiency in a compound once it undergoes 
a redox reaction. Also, differential thermal analysis is useful in detecting any phase 
changes that can take place within a structure. This section shows some different 
thermal analysis conducted on some samples in this work.  
Results and Discussion 
Prior to DC conductivity measurement most samples were pre-reduced at 
1050oC for 72 hours to achieve a considerable ratio of oxygen vacancies. The TGA 
curve of La0.2Sr0.25Ca0.45TiO3 is shown in figure 4.6. 
 
Figure 4.6: TGA curve of a pre-reduced sample of La0.2Sr0.25Ca0.45TiO3 during 
oxidation at 900oC. 
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This mass change indicate that a pre-reduced sample at 1050oC for 72 hours had an 
oxygen deficiency of about δ ≈ 0.03; giving a stoichiometry of La0.2Sr0.25Ca0.45TiO2.97. 
 
Figure 4.7: TGA curves for (a) in-situ reduction and (b) oxidation of pre-reduced 
samples at 900oC for samples of La0.2Sr0.25Ca0.45TiO3. 
From figure 4.7, it is clear how reducing this type of titanate is much harder than 
oxidising them. Also, it is obvious that a higher oxygen deficiency can be obtained by 
using a higher temperature for reduction. Reducing an as-prepared sample of 
La0.2Sr0.25Ca0.45TiO3 at 900
oC resulted in an oxygen deficiency of only δ ≈ 0.01; which 
is much less compared to the value obtained with reduction at 1050oC. The oxygen 
deficiency with different calcium content was almost the same as shown in figure 4.8. 
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Figure 4.8: TGA curve showing the oxidation of a pre-reduced La0.2Sr0.2Ca0.5TiO3 at 
900oC. 
The oxygen deficiency from the above mass change was calculated to be δ ≈ 0.03; 
giving a nominal stoichiometry of La0.2Sr0.2Ca0.5TiO2.97 was pre-reduced at the same 
conditions for the La0.2Sr0.25Ca0.45TiO3 sample; where both samples show, to a certain 
degree, the same mass% change indicating a very similar oxygen deficiency that was 
obtained at similar reduction conditions; i.e. 1050oC for 72 hours.  
Another aspect that was tested is thermal phase changes that may take place in the 
system La0.2Sr0.7-xCaxTiO3. A DTA measurement result is shown in figure 4.9 for 
La0.2Sr0.25Ca0.45TiO3, where no phase changes were detected. 
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Figure 4.9: DTA curves for La0.2Sr0.25Ca0.45TiO3 during thermal cycling in air. 
The DTA curves above show no phase changes that took place in La0.2Sr0.25Ca0.45TiO3 
which indicated a very good stability of the phase of this material. With high 
temperature NPD studies of this composition, there were two phase transitions; i.e. 
Pbnm-I4/mcm and I4/mcm-Pm3̅m; as the temperature was raised to 900oC. The 
different symmetries resulted from different tilts to the BO6 octahedra of these 
perovskites. The DTA result presented here could not detect these phase transitions; 
which can indicate that the changes to the unit cell were very small to be detected; a 
notion which was deduced in chapter 3. Overall, the system showed very good stability 
during thermal and redox cycling.  
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4.3 - DC Conductivity Measurement 
Introducing calcium in La0.2Sr0.7TiO3 is thought to improve the electronic 
conductivity of this type of perovskites. We’ve already seen that the unit cell volume 
had decreased with increasing calcium content and that symmetry changed as well. At 
900oC tested samples showed a cubic perovskite structure with the unit cell volume of 
the higher calcium content sample being smaller. These structural observations are 
linked here to the electrical conductivity of the different samples in the system 
La0.2Sr0.7-xCaxTiO3.  
Results and Discussion 
 The first test was to measure the conductivity of the first sample of the series; 
i.e. La0.2Sr0.6Ca0.1TiO3 which was heated (as-prepared) to 900
oC under air. Once at 
isotherm the atmosphere was switched to 5%H2/95%Ar gas mixture. The conductivity 
behaviour is shown in figure 4.10.  
 
Figure 4.10: Conductivity and log pO2 as function of time for La0.2Sr0.6Ca0.1TiO3 at 
900oC. 
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It can be seen from the result above that the response of the material at a fixed 
temperature depends largely on the oxygen partial pressure. Once the oxygen partial 
pressure reached a stable value, the conductivity was found to increase very slowly in a 
linear fashion with a rate of 8mS/hour. Figure 4.11 shows a plot of the conductivity of 
La0.2Sr0.6Ca0.1TiO3 as a function of log pO2 at 900
oC. 
 
Figure 4.11: The conductivity of La0.2Sr0.6Ca0.1TiO3 as a function of log pO2 at 900
oC. 
It is clear from the result above that the material starts reducing at a very low oxygen 
partial pressure; i.e. pO2 < 10
-14 atm; where it is clear that the conductivity starts 
increasing in a very fast rate which can be indicative of the surface reduction; which is 
then followed by the slower reduction of the bulk of the sample. 
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 The sample was then taken through a thermal cycle in a fixed oxygen partial pressure; 
the result is shown in figure 4.12. 
 
Figure 4.12: Thermal cycling of La0.2Sr0.6Ca0.1TiO3 at a pO2 of 10
-19 atm. 
Once the sample was reduced, its conductivity showed a temperature dependence that 
resembled a metallic behaviour. La0.2Sr0.6Ca0.1TiO3 showed a very low electrical 
conductivity, this was thought to originate from the high relative density of the pellet 
used to obtain the earlier results; which made it more difficult to reduce a significant 
proportion of Ti4+ into Ti3+ in situ. Thus, a porous pellet was made from the same 
composition which had a relative density of 70.92%. Also, since the reduction rate was 
very poor in the first experiment, the porous pellet was pre-reduced at 900oC for 72 
hours. A considerable increase in the conductivity was observed as shown in figure 
4.13. 
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Figure 4.13: Conductivity as a function of temperature for a pre-reduced porous pellet 
of La0.2Sr0.6Ca0.1TiO3 in reducing conditions.  
With pre-reduction and the increased porosity, the conductivity increased by almost 9 
times compared to the dense sample. This result is significant because it shows that 
having a significant proportion of Ti4+ reduced to Ti3+ which adds up to the electrical 
conductivity requires either longer times or higher temperatures. Even with pre-
reduction, the pellet conductivity was increasing as it was kept in an isotherm of 900oC; 
indicating further reduction; which can be seen in figure 4.14, which is a continuation of 
the run shown in figure 4.13.  
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Figure 4.14: Response of the conductivity of the porous pellet of La0.2Sr0.6Ca0.1TiO3 at 
900oC to changes to oxygen partial pressure. The line shows the point where the 
purging of 5%H2 stopped and air was allowed to enter the furnace. 
As can be seen, the conductivity was increasing even after leaving the sample in a fixed 
pO2 for almost 30 hours. A slight increase in oxygen partial pressure was sufficient to 
trigger a loss in conductivity at a relatively constant rate. This again signifies that in 
order to achieve a very considerable electrical conductivity in this material, it is very 
necessary to insure significant reducing conditions. This, in part, led to consider pre-
reducing all samples, as it was explained in chapter 1. The response of the conductivity 
to changes in oxygen partial pressure for the porous sample was compared to that of the 
dense one in figure 4.15. 
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Figure 4.15: plot of log(σ) vs. log(pO2) comparing the conductivity response to pO2 
between the dense and the porous samples of La0.2Sr0.6Ca0.1TiO3 at 900
oC. 
From both traces, it can be seen that the conductivity is mainly n-type. The porous 
sample showed a much faster response where the reduction started at much higher pO2 
compared to the dense one; this indicated a much higher gas diffusion rate into the 
sample which increased the reduction rate considerably; i.e. this is much clearer at very 
low pO2. The defect chemistry of this material could not be determined since it was not 
possible to achieve equilibrium with oxygen partial pressure; even with the porous 
sample. This shows that this material is fairly stable in a wide range of oxygen partial 
pressure; which is ideal for anodic operation. However, at 10-4 ≤  pO2 ≤ 10-15 atm, it can 
be seen that the conductivity is possibly due to oxygen vacancies migration, but the 
slope of the lines is not representative of a particular type of defect, hence, it can be 
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argued that these perovskites are mostly dominated by the electronic conductivity. The 
A-site deficiency was implemented into the structure in order to help create oxygen 
vacancies after reduction which should facilitates or introduce ionic conductivity. The 
reduction rate of the system La0.2Sr0.7-xCaxTiO3 was not affected by the content of 
calcium; as can be seen in figure 4.16. 
 
Figure 4.16: Plot of the electrical conductivity as a function of time for a dense pellet of 
La0.2Sr0.5Ca0.2TiO3 being reduced in-situ at 900
oC and pO2 = 10
-18 atm. 
With added calcium content, as the unit cell volume decreased, the electrical 
conductivity increased significantly.  This showed that the starting method chosen in 
this work, a smaller unit cell volume, proved to be successful in improving the 
conductivity of this type of titanates. As the conduction orbitals are brought closer to 
each other; i.e. the titanium octahedra; the perovskite structure becomes a better 
conductor. However, in-situ reduction at 900oC took more than 70 hours, as explained 
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earlier. Nevertheless, the system showed a very good redox performance as can be seen 
from figures 4.17 and 4.18. 
 
Figure 4.17: Oxidation of a dense sample of La0.2Sr0.5Ca0.2TiO3 at 900
oC. 
 
Figure 4.18: Reduction of a dense sample of La0.2Sr0.5Ca0.2TiO3 at 900
oC. 
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The results above show that the sample electrical conductivity is very dependent on 
oxygen partial pressure at a fixed temperature. The two plots above, also, show that the 
material is redox stable; i.e. the same conductivity values can be obtained after redox 
cycling. Given the high relative density for this sample; i.e. > 92%; a full reduction or 
oxidation of the whole pellet could not be achieved. Comparing the times between 
oxidation and re-reduction, it can be seen that the sample was not fully oxidised due to 
the high density. However, the important aspect is that the sample regained the original 
conductivity value it had prior to oxidation.  The results above led to all later samples to 
be pre-reduced at 1050oC; in order to save time on the testing jig. By now, the focus 
turned towards the thermal behaviour of the electrical conductivity and finding the 
composition with the maximum electrical conductivity. Figure 4.19 shows the electrical 
conductivity as a function of temperature for the first two samples that were shown 
earlier and two later samples which were pre-reduced as mentioned earlier. 
 
Figure 4.19: Temperature dependence of the electrical conductivity of different samples 
of La0.2Sr0.7-xCaxTiO3 in reducing conditions. Note: samples x = 0.3 and 0.35 were pre-
reduced at 1050oC and the electrical conductivity was measured using the van der Pauw 
technique. 
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As it was expected with titanates, the electrical conductivity at a fixed temperature and 
oxygen partial pressure is very dependent on how much Ti3+ exist in the system. With 
pre-reduction at 1050oC for 72 hours; the electrical conductivity of x = 0.3 and 0.35 
increased considerably when compared to the previous samples; i.e. x = 0.1 and 0.2. 
Also, the electronic conductivity of these perovskites kept on improving with more 
calcium content, where it was maximised in the composition with x = 0.45; i.e. figure 
4.20 shows this composition electrical conductivity as a function of temperature in a 
reducing atmosphere. 
 
Figure 4.20: Temperature dependence of the electrical conductivity of a dense pre-
reduced pellet of La0.2Sr0.25Cao.45TiO3 under 5%H2/95%Ar, pO2 ≈ 10-19 atm. 
With an electrical conductivity of 27.5 S/cm at 900oC and pO2 of 10
-19 atm; 
La0.2Sr0.25Ca0.45TiO3 showed the highest conductivity among the different samples that 
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were pre-reduced at 1050oC. The conductivity was stable during thermal cycling with a 
metallic behaviour as can be seen from figure 4.21. 
 
Figure 4.21: Temperature dependence of the electrical conductivity of 
La0.2Sr0.25Ca0.45TiO3 during thermal cycling in 5%H2. 
As can be seen from figure 4.21, the sample holds the n-type conductivity feature very 
well during thermal cycling, even at very low temperatures, which indicates no loss of 
the density of Ti3+ within the structure; or in other words, the structure is stable in terms 
of its oxygen deficiency which enhances the electrical conductivity. This clearly 
suggests that this material is showing encouraging features to be used as an alternative 
anode material for SOFCs; where the stable performance is very important. The 
increasing electrical conductivity with increasing calcium content, hence a smaller unit 
139 
 
cell volume, did not hold. Figure 4.22 shows the electrical conductivity of high calcium 
content samples that was measured in the same conditions previously. 
 
Figure 4.22: Temperature dependence of the electrical conductivity for pre-reduced 
samples of La0.2Sr0.7-xCaxTiO3 in reducing atmosphere. 
As can be seen above, after achieving the highest electrical conductivity at 900oC with 
the sample with nominal x = 0.45, the electrical conductivity started to drop with 
increasing calcium content. Another intriguing finding is that the dependence on 
calcium content is very clear throughout the temperature range, even at low 
temperatures the electrical conductivity shows the same behaviour to calcium content at 
900oC. This indicate a very good stability of the material’s conductivity regardless of 
the structural changes that occur at different temperatures, as found in chapter 3. 
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 Figure 4.23 shows the maximum conductivity of all the samples of La0.2Sr0.7-xCaxTiO3 
that was measured at 900oC in reducing conditions. 
 
Figure 4.23: Comparison of the maximum conductivity at 900oC and pO2 ≈ 10-19 atm 
for all pre-reduced dense samples of La0.2Sr0.7-xCaxTiO3. Note: errors contained within 
data points symbols. 
In the figure above, the electrical conductivity increases with more calcium to reach a 
maximum at x = 0.45, where it then starts dropping. Comparing the structure of x = 0.45 
to that of x = 0.5 the two are very similar; i.e. cubic Pm3̅m at 900oC; as the results in 
chapter 3 revealed. The unit cell volume of x=0.5 is smaller than that of x = 0.45. Both 
pre-reduced compositions showed a very similar oxygen deficiency as was determined 
from TGA earlier; i.e. δ ≈ 0.03. All these parameters indicate that the conductivity of    
x = 0.5 should be higher following the trend seen above. However, even after repeating 
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the measurement for x = 0.5 several times, the same value was obtained each time. 
Going back to the structural analysis using NPD at 900oC for both compositions, it can 
be seen that the difference between the two lies in the isotropic atomic displacement 
parameters. Table 4.2 lists the isotropic atomic displacement parameters for the 
different atomic sites within the cubic unit cell of the two compositions in question at 
900oC.  
La0.2Sr0.25Ca0.45TiO3 La0.2Sr0.2Ca0.5TiO3 
Site Biso Site Biso 
Ti 1.485 Ti 1.699 
La,Sr,Ca 2.139 La,Sr,Ca 2.270 
O 3.286 O 3.383 
 
Table 4.2: Isotropic atomic displacement parameters of La0.2Sr0.25Ca0.45TiO3 and 
La0.2Sr0.2Ca0.5TiO3 at 900
oC. 
From the values above, it is clear that the composition La0.2Sr0.2Ca0.5TiO3 (x = 0.5) is 
more distorted at 900oC. From the higher Biso for the different sites, especially the 
titanium and oxygen, it is clear that the conduction orbitals overlap will be affected by 
the thermal displacement of the ions involved; thus increasing the resistance of the 
material. Thus, it was obvious that the unit cell volume decrease improves the electronic 
conductivity of this type of titanates. However, as the unit cell volume crosses a certain 
threshold; the distortions in the unit cell increase and dominate at high temperatures; 
which result in lowering the orbitals overlap, hence, reducing the electrical conductivity. 
If one pictures the unit cell at high temperatures; the thermal vibrations of the different 
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atomic sites must be affected by the ionic radius mismatch of the A-site; where a large 
A-site should, in theory, stabilise the unit cell, rendering a stable orbital overlap. Thus, 
we see that the electrical conductivity of the compositions x = 0.5, 0.6 and 0.7 decreases 
with increasing calcium content; contrary to the initial behaviour that was seen. Going 
back to the findings of Savaniu and Irvine [4] who found that pre-reducing their 
samples of La0.2Sr0.7TiO3 produced higher conductivity values, the results, here, indicate 
that there is a limit to calcium doping; i.e. x = 0.45 in La0.2Sr0.7-xCaxTiO3; after which 
the distortions on the unit cell due to the A-site cations radii mismatch are higher, thus 
the total conductivity is lower with high calcium content samples in the studied series. 
Although, it is very important to take much care when comparing conductivity values 
between different materials reported in literature. The reason behind this notion is that it 
was suggested that several heat treatments of such materials can generate different types 
of defects that do affect the electrical behaviour of a given sample.[6] Most importantly, 
the results here do show that the electrical conductivity can be enhanced through careful 
implementation of doping and processing techniques. Also, improvements to the 
conductivity of La0.2Sr0.25Ca0.45TiO3 can be obtained through control of the porosity 
and/or impregnation with catalytic active materials; e.g. ceria; which will be the focus 
of future works with this system. In a recent study working on commercially relevant 
cells, SOFC anode formulations based on the sample x = 0.45 developed in this work 
have yielded very promising performances.[8] Hence, perovskite based materials are, 
indeed, offering a great framework to study and improve on materials properties for 
many different applications.  
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4.4 - SEM Studies 
The morphology of the different samples prepared in this work was studied 
through SEM. As we shall see there were no significant effects on the morphology and 
grain growth with different calcium levels of substitution as was the case with structural 
changes.  
Results and Discussion  
As there were different samples of La0.2Sr0.7-xCaxTiO3 with different calcium 
content, SEM was used to see if there were any effects on the morphology of these 
samples as the calcium content was varied. Figure 4.24 shows different SEM 
micrographs of a number of samples.  
 
Figure 4.24: SEM micrographs of different samples of La0.2Sr0.7-xCaxTiO3 sintered in air 
where (a): 0.1, (b): 0.35, (c): 0.4, (d): 0.45, (e): 0.6 and (f): 0.7 for x. 
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From the micrographs above, the shape and size of the grains is very similar across the 
series; with no strong effect that can be linked directly to increasing calcium content. 
The samples close to the phase boundary; i.e. x = 0.4 and 0.45 from structural analysis; 
also show no clear difference in morphology with the other samples. The only effect 
that can be seen is the increased sinterability of the samples with increasing calcium 
content which was very obvious when some pellets were sintered with 20wt% of a pore-
former mixture, this is shown in figure 4.25. 
 
Figure 4.25: SEM micrographs showing samples of La0.2Sr0.7-xCaxTiO3 sintered in air at 
1400oC with 20wt% pore-former mixture; where (a): x = 0.1, (b): x = 0.2, (c): x = 0.35. 
It is clear that the pores had closed up with increasing calcium content. The relative 
density measured for these samples also showed an increase with increasing calcium 
content; the values are shown in table 4.3. 
x Relative Density 
0.1 70.9% 
0.2 81.4% 
0.35 82.6% 
 
Table 4.3: Relative density of samples of La0.2Sr0.7-xCaxTiO3; which were sintered with 
20wt% pore-former. 
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This confirms that the calcium improved the densification process of this type of 
titanates counteracting the effect of lanthanum introduction as explained in chapter 1. 
Since this system is intended to be used as an anode material for SOFCs, the stability 
under reducing atmospheres is important. The structure was shown to be stable after 
reduction as was found from structural analysis in the previous chapter. The effect of 
reduction on the morphology is shown in figure 4.26. 
    
Figure 4.26: SEM micrographs of a porous La0.2Sr0.6Ca0.1TiO3 before (left) and after 
(right) reduction. 
There were no indications of any secondary phases forming on the surface or any major 
differences in the morphology of the samples after reduction; which indicates a very 
good stability of this material in reducing atmospheres. Most samples were pressed 
uniaxially under loads of 4-5 tonnes prior to sintering; a comparison was made to see 
the effect of lower loads, which is shown in figure 4.27. 
    
Figure 4.27: SEM micrographs for two pellets of La0.2Sr0.25Ca0.45TiO3 pressed at 1 ton 
(left) and 4 tonnes (right). 
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Both samples above were sintered together at 1500oC for 15 hours in air from the same 
starting powders. The effect of increasing the press load can be seen to increase the 
relative density of the sintered pellets, where pores can be seen on the pellet that was 
pressed with a load of 1 ton. The shape and relative sizes of the grains are very similar 
in both cases which are understandable from the fact that grain growth depends on the 
sintering conditions, which were the same in this case. The effect of multiple sintering 
processes was investigated as figure 4.28 shows a comparison between two samples that 
were sintered at the same temperature with different repetitions. 
    
Figure 4.28: SEM micrographs showing two samples of La0.2Sr0.25Ca0.45TiO3 that were 
sintered once (left) and four times (right) at 1500oC. 
From the figure above it can be seen that the grains are not affected and very similar to 
each other in terms of the shape, size and distribution. This again confirms that calcium 
improves the sinterability of this type of titanates considerably. All in all, the system 
shows very impressive stability with the morphology more or less the same across the 
different samples studied here.  
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4.5 - Conclusions: 
One of the main tasks of this work was to pinpoint how much the electrical 
conductivity of the system La0.2Sr0.7-xCaxTiO3 could be improved as the calcium content 
in the system was varied. This showed that the electrical conductivity could be mainly 
affected by two mechanisms, the degree by which the conduction orbitals overlap and 
by the concentration of electrons. The first is affected by calcium content, up to a 
certain point; i.e. x=0.45; after which the unit cell distortions and thermal vibrations 
negatively affected the electrical conductivity as the unit cell volume decreased with 
increasing calcium content. Distortions and tilts can be viewed as disturbances to the 
conduction orbitals stability. The second is mainly controlled by the proportion of the 
reduced Ti4+ that adds up to the electrons concentration in the conduction band of the 
titanium 3d orbitals. Reducing this system at higher temperatures generated more 
electrons and higher oxygen deficiency. The oxygen deficiency that was obtained 
during the pre-reduction process did not show much of a dependence on the 
composition. This can be further improved via experimenting with different 
microstructures and the introduction of different catalyst materials to the studied 
substrate. The highest conductivity was found for the pre-reduced composition 
La0.2Sr0.25Ca0.45TiO2.97 with a value of 27.5 S/cm at 900
oC and pO2 = 10
-19 atm. Calcium 
introductions, to reduce the unit cell volume, did prove to be useful in improving the 
electrical conductivity to a certain point. The electrical conductivity showed a 
dependency on the oxygen partial pressure, although this was more pronounced at high 
reducing and oxidising conditions; i.e. high relative density of produced samples; 
indicating a dependence on oxygen vacancies concentration. The system also showed 
that its sintering behaviour was very similar to the most common SOFC electrolyte 
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material YSZ, with some of the samples showing very close TEC values to that of the 
YSZ. The TEC of the different samples did not show much dependence on calcium 
content/crystal structure but did show some dependence on oxygen deficiency. The 
morphology of the material was not affected, significantly, by calcium content but by 
the synthesis methods that were employed. These affected the density of the samples, 
where it was obvious that increasing calcium content lowered the melting point of the 
different samples. Overall, all samples showed very impressive thermal and chemical 
stability when operated under anodic conditions which really shows a very encouraging 
potential for this system to be a very good candidate as an alternative anode material for 
SOFCs. 
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Chapter 5 
 
Investigation of Possible Ferroelectricity  
in the A-site Deficient Perovskite  
La0.2Sr0.7-xCaxTiO3 using AC Impedance 
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Abstract: 
 Different samples of the A-site deficient perovskite La0.2Sr0.7-xCaxTiO3 were 
tested for at different temperatures using AC impedance spectroscopy. Samples showed 
high capacitance that decreased with increasing temperatures. This led to investigating 
the existence of any ferroelectric behaviour of the samples in this series. As samples in 
this series showed symmetry changes with temperature, these changes did not show any 
ferroelectric behaviour at many different temperatures. Hence, this confirms that all the 
different symmetries are centrosymmetric and the structural analysis of the system was 
correct. It also confirmed that there is no B-site displacement taking place on the Ti 
cations in the distortions associated with the lower symmetries found in chapter 3.  
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5.1 - Introduction 
 The system La0.2Sr0.7-xCaxTiO3 showed phase transitions between Pm3̅m-
I4/mcm-Pbnm with different calcium content, as well as, at different temperatures; 
where the structures adopted higher symmetries. These findings were based on results 
from XRD and NPD studies; i.e. Chapter 3. Investigating whether this system can 
possess a ferroelectric nature or not came to mind; since Sr1-xCaxTiO3 samples in the 
range 0.002 ≤ x ≤ 0.12; which showed the I4/mcm symmetry at room temperature, 
exhibited a ferroelectric behaviour at temperatures  below 35K; the reported phase had a 
point group mm2 without a space group being specified at these temperatures.[1,2] 
Also, earlier impedance measurements indicated, as shall be illustrated in the next 
section, that the capacitance of some samples of the system La0.2Sr0.7-xCaxTiO3 was 
changing with temperature. The studies conducted on La0.2Sr0.7-xCaxTiO3, in the 
previous chapters, were involved with the high temperature properties; since the system 
was designed to be a potential anode material for SOFCs. BaTiO3, one of the well 
known ferroelectric perovskites, is tetragonal with space group P4mm under 130oC; 
where above this temperature it transforms into a paraelectric cubic structure with space 
group Pm3̅m.[3,4] The ferroelectricity originates from the displacement of titanium 
from its centrosymmetric position creating an electric dipole.[3] Thus, as distortions to 
the BO6 octahedra of La0.2Sr0.7-xCaxTiO3 were observed, the study in this chapter can 
give a better insight into the structural changes of this system and the potential of this 
material beyond the realm of fuel cells components. 
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5.2 - Results and Discussion 
 Since the results at chapter 3 showed that many phase or symmetry changes do 
take place in different compositions of the system La0.2Sr0.7-xCaxTiO3, studying these 
materials for ferroelectric behaviour can be very useful in understanding the structural 
changes these materials undergo. The early measurements in this work indicated a 
change in the capacity of tested pellets with temperature; which indicated changes to the 
dielectric properties. The first sample that was tested was La0.2Sr0.25Ca0.45TiO3; which 
was very resistive at room temperature; when fully oxygenated.  
 
Figure 5.1: Impedance plots of La0.2Sr0.25Ca0.45TiO3 at 300
oC showing the results at the 
low frequency range. 
This bulk of this sample has shown the very high resistance even at higher temperatures 
until typical impedance arcs were obtained at temperatures higher than 500oC as shown 
in figure 5.2. 
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Figure 5.2: Impedance spectra of La0.2Sr0.25Ca0.45TiO3 at temperatures between 550
o and 
900oC in air. 
It was clear that this material was exhibiting a semiconducting behaviour as its 
resistance was decreasing with increasing temperature. As this sample was tested as-
prepared; i.e. fully oxidised; no free charge carriers are expected to exist within the 
material. Also, it was clear that the material behaviour is being dominated by the bulk; 
since low frequency region of the impedance spectra was very noisy and did not 
represent typical impedance patterns. 
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Figure 5.3: Frequency plots of Z'' and M'' for La0.2Sr0.25Ca0.45TiO3 at temperatures 
between 550o and 900oC. Note: arrows indicate the direction of increasing temperature. 
It is known that as the maxima in the log Z'' and log M
'' plots fall at the same frequency; 
this represent an ideal RC element.[11] This led to the estimation of the resistivity and 
capacitance of the material tested here through the least square fitting of an equivalent 
circuit (see figure 5.4) to the arcs shown in figure 5.2. The equivalent circuit consisted 
of a resistor and a capacitor connected in parallel; this represented one contribution 
from the material microstructure. 
157 
 
 
Figure 5.4: Plot of the capacitance and resistivity at different temperatures of 
La0.2Sr0.25Ca0.45TiO3 obtained using least square fitting of impedance data to a simple 
RC element (shown). Note: lines are guides to the eye. 
The figure above shows a very small increase in the capacitance; i.e. around 730oC. The 
values of the capacitance (1E-12 F.cm-1), as well as, the result of a single arc in the 
impedance plots, show that this material behaviour is dominated by the bulk and that 
any other contributions are insignificant; e.g. grain boundary. This, in turn, can indicate 
a relatively homogeneous semiconducting material; especially since the resistance is 
decreasing significantly and consistently with increasing temperature. The change in 
capacitance in figure 5.4 around 730oC was the main drive that led us to believe that 
there might exist a phase at certain temperature with distortions that might lead to a 
non-centrosymmetric space group with the titanium cation shifted off its central position 
within the BO6 octahedra of these perovskites. Thus, it was necessary to use different 
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setups (see chapter 1) to better estimate the dielectric behaviour of the different samples 
with better control on temperature and impedance reliability.  
As previously stated, strontium rich compositions in the system CaxSr1-xTiO3 have 
shown ferroelectric behaviour at very low temperatures; thus, a test was done on the 
first sample of the system La0.2Sr0.7-xCaxTiO3; i.e. the composition with nominal x = 0.1. 
The capacitance of this sample is shown in figure 5.5 as it was cooled down to 50K.  
 
Figure 5.5: Temperature dependence of specific Cp at different frequencies for 
La0.2Sr0.6Ca0.1TiO3 at sub-ambient temperatures. 
As can be seen from the result above, there was no distinctive maximum in the response 
of the capacitance of the sample that would indicate a ferroelectric - paraelectric 
transition point; i.e. a Curie point. The capacitance can be seen to decrease at lower 
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temperatures, indicating a decreasing dielectric constant. The calculated dielectric 
constant is plotted against temperature in figure 5.6. 
 
Figure 5.6: Dielectric constant of La0.2Sr0.6Ca0.1TiO3 as a function of temperature at 
selected frequencies. 
The dielectric constant of La0.2Sr0.6Ca0.1TiO3 is observed to increase with increasing 
temperature in a non-linear fashion. Two plateaus can be seen which can indicate a 
possible phase; i.e. symmetry; change which is very possible at these low temperatures. 
However, the change in the values of the dielectric constant is not that significant. The 
dielectric loss (tanδ) for the same sample above is plotted against temperature in figure 
5.7. 
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Figure 5.7: Dielectric loss of La0.2Sr0.6Ca0.1TiO3 at different frequencies as a function of 
temperature. 
The dielectric loss peaks shifted to higher temperatures with increasing frequency. This 
behaviour is very similar to the behaviour of CaCu3Ti4O12 (CCTO).[5] However, CCTO 
has shown a much larger increase in the dielectric constant; i.e. from 100 to over 10000. 
This can indicate that the dielectric behaviour of the different samples studied here is 
mainly affected by slight distortions to the octahedra, instead of a shift in the titanium 
position which can give rise to a ferroelectric nature. At high temperatures 
La0.2Sr0.6Ca0.1TiO3 also showed a non-ferroelectric behaviour as can be seen from figure 
5.8.  
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Figure 5.8: Temperature dependence of specific Cp at different frequencies for 
La0.2Sr0.6Ca0.1TiO3 at high temperatures. 
It can be seen that the capacitance; and the dielectric constant; at high temperatures is 
much higher than the one at sub-ambient temperatures. At certain temperature ranges, 
the dielectric seems to be insensitive to the change in temperature; e.g. 30o < T < 80oC. 
The dielectric constant is found to be more sensitive to changes in temperature at low 
frequencies. The dielectric loss is plotted against temperature for the high temperature 
measurement in figure 5.9; where no peaks were detected as was seen in the low 
temperature measurement. Also, the scale of the dielectric loss is higher above room 
temperature.  
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Figure 5.9: Dielectric loss of La0.2Sr0.6Ca0.1TiO3 at different frequencies as a function of 
temperature. 
It is suggested that the higher dielectric constant values at lower frequencies are 
attributed to space charges which in this case are manifested in charge vacancies 
(defects) due to the A-site deficiency of the system studied here.[6,7] However, these 
samples did show a very high resistance which makes it very difficult to investigate the 
exact mechanisms involved to give such behaviour. Nonetheless, no phase changes 
were detected with this sample through thermal cycling as shown in figure 5.10.  
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Figure 5.10: Cp as a function of temperature for La0.2Sr0.6Ca0.1TiO3at 1 kHz during 
thermal cycling. 
The behaviour of the capacitance of La0.2Sr0.6Ca0.1TiO3 as a function of frequency is 
shown in figure 5.11. 
 
Figure 5.11: Cp vs. Frequency at different temperatures of La0.2Sr0.6Ca0.1TiO3. 
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It can be seen that the capacitance of the sample, above, show very small variation; i.e. 
same order of magnitude; especially at low temperatures. A depression is more 
pronounced as the sample is heated, with the inflection point shifting to higher 
frequencies as the temperature is increased. According to West et. al. [12], in 
CaCu3Ti4O12 (CCTO) a high capacitance, low frequency plateau results from grain 
boundaries and a low capacitance, high frequency plateau indicates a semiconducting 
bulk. The behaviour of our material cannot be compared to that of CCTO; since the 
latter capacitance changes by two orders of magnitude at the same frequency range; i.e. 
10-9 to 10-11 [12]; whereas the capacitance in our composition is relatively low and 
stable within the same order of magnitude. This can indicate a relatively homogenous 
phase throughout this sample. At higher temperatures, the capacity of the same sample, 
above, is shown in figure 5.12. 
 
Figure 5.12: Cp vs. Frequency at different temperatures of La0.2Sr0.6Ca0.1TiO3 at high 
temperatures. 
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At high temperatures, the plateaus seen earlier are not present here. As the figure above 
indicates, it is obvious that the grain boundaries are dominating the behaviour of this 
material; at high temperatures; as it can be seen that the low frequency part of the 
capacitance is changing significantly with temperature. This may be related to the high 
relative density of these materials; e.g. > 92%; which limit all processes to the grain 
boundaries at the temperatures explored here. The increase in the capacitance with 
temperature can also be linked to the decreased resistance of the bulk of the material 
giving rise to the domination of grain boundaries. Also, as we’ve seen in chapter 3, it is 
very likely that these compositions adopt the ideal cubic perovskite structure at different 
temperatures corresponding to different calcium content. The samples with low calcium 
content, as the one above, were found to have very small distortion; i.e. small octahedral 
tilts. However, it seems like the processes involved here are of an electrical nature. 
The conclusion that the grain boundaries are dominating the behaviour of this type of 
titanates is consistent with the measurements of the DC conductivity and the nature of 
the electronic conductivity of this system. In the results of chapter 4, it was found that in 
order to access more Ti4+ within the bulk of the material, higher reduction temperatures 
were needed; since it was assumed that a maximum conductivity for a in-situ re-reduced 
sample was not matching the conductivity of the pre-reduced at 1050oC because as the 
grains surface is reduced it becomes harder to reduce the bulk if the material was 
oxidised.  
The temperature dependence of the capacitance of the second sample with x = 0.2 is 
shown in figure 5.13; to see the effect of increasing calcium content. 
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Figure 5.13: Temperature dependence of Cp at different frequencies for 
La0.2Sr0.5Ca0.2TiO3 at sub-ambient temperatures. 
The dielectric loss of La0.2Sr0.5Ca0.2TiO3 is shown in figure 5.14 as a function of 
temperature. 
 
Figure 5.14: Dielectric loss of La0.2Sr0.5Ca0.2TiO3 at different frequencies as a function 
of temperature. 
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The response of the capacitance and the dielectric loss in La0.2Sr0.5Ca0.2TiO3 are similar 
to the previous compositions but the responses seem to start at higher temperatures. 
Another aspect that was noticed is with more calcium, the capacitance decreased; 
indicating a smaller dielectric constant. The decrease in capacitance was more 
pronounced with the composition La0.2Sr0.4Ca0.3TiO3 (x=0.3); the obtained Cp is plotted 
against temperature in figure 5.15. 
 
Figure 5.15: Temperature dependence of capacity (Cp) at different frequencies for 
La0.2Sr0.4Ca0.3TiO3 at sub-ambient temperatures. 
In figure 5.15, it can be seen that for most of the sub-ambient temperature range of the 
measurement the capacitance show very small frequency and temperature dependence; 
indicating a very stable phase. Figure 5.16 and5.17 show the capacitance of the three 
different samples measured at low and high temperature respectively.  
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Figure 5.16: Measured capacity of samples of La0.2Sr0.7-xCaxTiO3 at sub-ambient 
temperatures at 1 kHz. 
 
Figure 5.17: Capacity of samples of La0.2Sr0.7-xCaxTiO3 at high temperatures at 1 kHz. 
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From the previous two figures, it can be seen that with more calcium content, the 
capacitance decreases in magnitude at different temperatures. The dielectric constant of 
some samples studied in this work is plotted as a function of temperature in figure 5.18. 
 
Figure 5.18: Dielectric constant of different samples of the system La0.2Sr0.7-xCaxTiO3 
measured at 1 kHz. 
The dielectric constant of the composition with nominal x = 0.1 showed the highest 
response to temperature and the highest value. All samples showed a non-linear increase 
of the dielectric constant with temperature. The results above also indicate no phase 
changes that take place upon heating to temperatures below 450oC. The high 
temperature studies in chapter 3; revealed that the calcium rich compositions of 
La0.2Sr0.7-xCaxTiO3 showed a transition to the ideal cubic symmetry at 900
oC; well 
below the range of the measurements conducted here. This led to the expectation that 
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the I4/mcm symmetry; of the strontium rich compositions; is stable up to 450oC and the 
transition to the cubic phase may take place at temperatures below 900oC.The response 
and the magnitude of the dielectric constant decreased significantly with increasing 
calcium content; which can be related to changes in the electrical nature of the samples. 
At sub-ambient temperatures, the behaviour of the dielectric loss for La0.2Sr0.6Ca0.1TiO3, 
as mentioned before, is similar to CCTO which represented a Maxwell-Wagner 
relaxation.[5,8] Figure 5.19 shows the behaviour of both the dielectric constant and the 
loss for La0.2Sr0.6Ca0.1TiO3 on the same plot.  
 
Figure 5.19: Dielectric constant and dielectric loss plotted against temperature for 
L0.2Sr0.6Ca0.1TiO3.  
A Maxwell-Wagner model suggests that the samples are electrically inhomogeneous[9]; 
which is understandable when the system La0.2Sr0.7-xCaxTiO3 is slightly 
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reduced/oxidised which generates different layers that show either n-type or p-type 
behaviour, respectively. The A-site deficiency and calcium introduction are methods 
employed here to improve the electrical conductivity of this material. This was obvious 
in this chapter; since the capacitance decreased with more calcium content at different 
temperatures. The samples here showed an opposite behaviour to CaTiO3 and SrTiO3; 
where the dielectric constant increased at lower temperatures, indicating an incipient 
ferroelectricity or a quantum paraelectricity.[10] Overall, the results here confirmed the 
structural analysis conducted earlier on different samples of the system La0.2Sr0.7-
xCaxTiO3 and showed phase stability at hight temperatures.  
5.3 - Conclusions 
The results presented in this chapter clearly show that the studied samples of the 
system La0.2Sr0.7-xCaxTiO3 did not show any ferroelectric characteristics through a wide 
range of temperatures. This proves that the system does not adopt any non-
centrosymmetric structures which are associated with ferroelectric behaviour. The 
results present here also show that there are only two types of distortions as was 
concluded in chapter 3; i.e. distortions and tilting of the octahedra; and there is no 
atomic displacement of the B-site titanium. A Maxwell-Wagner relaxation resemblance 
was noticed for some of the samples studied here, with the highest dielectric constant 
measured for the sample with x = 0.1. The dielectric constant decreased with increasing 
calcium content; indicating increasing concentrations of charge carriers. 
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Chapter 6 
 
Development and Implementation of a Novel 
Simultaneous TGA/DC Conductivity Analysis 
Instrument 
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Abstract 
 An existing TGA instrument was transformed in order to provide DC 
conductivity measurement in controlled atmosphere and temperature environment. The 
original sample pan of the TA Instruments SDT2960 was transformed to accommodate 
a pellet of the chosen sample to measure its weight change and conductivity 
simultaneously. Measurements were made on different samples of La0.2Sr0.25Ca0.45TiO3 
that proved the concept and successfully showed an overlap between weight change and 
conductivity response upon reduction and oxidation at a fixed temperature. It was also 
possible to measure the oxygen diffusion coefficient using the conductivity relaxation 
method and the mass change rates which showed a very good agreement. The diffusion 
coefficient was higher for porous samples.  
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6.1 - Introduction 
 Many of the advances in modern technologies are traced back to the outcomes of 
material research. By understanding the different physical and chemical properties of 
different compounds; scientists can produce materials that end up advancing and 
improving many different aspects of our daily lives. Advances in semiconductors, for 
example, that led to improving data processing, telecommunications, electronics and 
many other applications all have originated from the better understanding of how matter 
behaves and what affect its different properties. Through material science or material 
research, scientists are continuously finding better techniques in making alternative 
materials that ultimately make things more efficient, reliable, robust and finally to 
reduce the cost of the end product. Thus, by linking how the structure of a material 
affects its properties and how this structure can be controlled through different synthesis 
and processing methods; this scientific discipline is quite important and indeed 
beneficial on a large scale.  
There are many techniques that material scientists rely on that to expand their 
understanding of materials from the atomic and molecular stage to the macroscopic 
behaviour and properties. X-ray and neutron diffraction are widely used to characterise 
the atomic arrangement of different materials as well as to check the purity of 
synthesised samples. Other techniques include scanning and transmission electron 
microscopy, electron diffraction, spectroscopy and thermal analysis.  
Thermal analysis is a wide discipline in material science that covers a wide 
range of techniques. They include differential scanning calorimetry(DSC), differential 
thermal analysis (DTA), dielectric thermal analysis (DETA), dilatometry, dynamic 
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mechanical analysis (DMA), Thermogravimetric analysis (TGA) and many more.[1,2] 
Of the many techniques, TGA is an important method when it comes to studying 
materials behaviour and changes with temperature.  
One of the most technologies that rely on thermal analysis is the search for 
alternative materials for solid oxide fuel cells (SOFCs). Since these cells are usually 
operated at temperatures higher than 600oC, this puts a huge strain on the components 
of a typical fuel cell.[3] Elevated temperatures can affect the lifetime of a fuel cell 
through degradation of its components as well as chemical and physical instability. A 
ceramic based anode material must be electrically conductive at high temperatures and 
many of these undergo structural and chemical changes that affect their conductivity. 
TGA can give a better insight into the physical and chemical stability of an anode 
material at high temperatures as well as to the electrochemical processes that govern its 
conductivity and overall catalytic activity. Thus it is obvious that both properties; i.e. 
the mass change and electrical conductivity; are important in determining the suitability 
of a material to be a component of a fuel cell. In most cases, TGA and electrical 
conductivity results are reported separately. Almost all TGA studies are conducted on 
samples in powder form within a crucible. On the other hand, electrical conductivity of 
different materials is usually measured on bars or pellets of the same material. To some 
extent this is tolerable depending on the level of care in conducting the experiments and 
the analysis of the different data to correlate them.  
Many researchers are targeting materials that show both ionic and electronic 
conductivity; i.e. mixed ionic electronic conductor (MIEC); to employ them usually as 
electrodes to extend the triple phase boundary (TPB) of the electrochemical reaction in 
a fuel cell. It is usually difficult to determine the contribution of the ionic conductivity 
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to the total conductivity.[4,23] A very important parameter is used to compare between 
different MIEC materials, this parameter is the chemical diffusion coefficient.[5,6,7] It 
provides a quantitative measure of the type of defects that control both types of 
conductivity and their mobility and concentrations. There are many methods that can be 
used to measure the oxygen diffusion namely oxygen permeation, oxygen ionic 
relaxation, isotope exchange using secondary ion mass spectrometry (SIMS), electronic 
blocking electrodes and electrical conductivity relaxation.[8,9] The electrical 
conductivity relaxation method is widely used to measure the diffusion coefficient of 
oxygen which determines the ionic conductivity and other parameters as explained in 
the theory section of this chapter. Usually this technique is accompanied by a TGA 
analysis to determine the oxygen stoichiometry in MIEC materials. Thus it is very 
obvious that there is a great potential of combining conductivity relaxation 
measurement with a simultaneous thermogravimetric analysis (TGA) in one setup to 
better understand the electrochemistry of such materials.  
Hence, we are presenting a novel analysis technique that combines TGA with a 
simultaneous measurement of DC conductivity of solid materials in controlled 
temperature and oxygen partial pressure settings.  
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6.2 - Theory 
6.2.1 - Thermogravimetric Analysis 
Among the many techniques employed by chemists to quantify materials 
properties is the thermogravimetric analysis (TGA). It is defined as the monitoring of 
mass change of a substance measured as a function of temperature at a controlled 
temperature programme.[10] A typical TGA device records the mass change of a 
sample as a function of temperature as the sample is heated or cooled in a controlled 
atmosphere usually provided with certain gas purging. Also, mass changes can occur 
when the environment surrounding the sample is changed; i.e. by switching between 
different purge gasses at a fixed temperature; and mass is recorded as a function of time. 
TGA is very useful in studying the volatility, stability, water content, oxidation and 
lifetime of different materials. 
6.2.2 DC Conductivity Measurement 
 Measuring the conductivity of a material is very important in many scientific 
and industrial fields. The resistance of a sample (R) is given by Ohm’s law: 
𝑅 =
𝑉
𝐼
  (6.1) 
Where V is the voltage measured when the sample is subjected to a current I. While the 
resistance of a sample can be easily measured, it does not present a specific property for 
the material under test. The resistivity of a material is on the other hand specific and 
depends on the structure and composition of a sample. Resistivity can be obtained from 
the resistance of a sample under a constant current; however it requires a correction 
factor for the geometry of the sample.  
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The resistivity of a wire for example is given by: 
𝜌 =  
𝑅𝐴
𝑙
 (6.2) 
Where A is the cross section area of the wire and l is its length as shown in figure 6.1. 
 
Figure 6.1: The geometry of a wire. 
Conductivity is simply the inverse of the resistivity of a substance: 
𝜎 =  
1
𝜌
  (6.3) 
The most common techniques that are used to measure the conductivity of solids are the 
4-point probe technique and the van der Pauw technique which are explained in the next 
few pages. 
6.2.2.1 - The 4-point Probe DC Conductivity Technique 
This technique is based on using four finite probes to measure the resistance 
across the surface of a sample. The typical arrangement of the technique is shown in 
figure 6.2. Four probes are equally separated from each other, where two probes supply 
the current and the other two are used to measure the voltage generated across the 
sample.  
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Figure 6.2: Typical arrangement of the 4-point DC conductivity measurement 
technique. 
The resistivity of the material can be found by using: 
𝜌 = 2𝜋𝑥𝐹
𝑉
𝐼
  (6.4) 
The F factor is a correction factor that includes multiple correction factors for probe 
location, sample thickness, sample diameter, probe separation and the sample 
temperature.[11] A discussion of the different correction factors can be found in 
reference [12].  
6.2.2.2 - The van der Pauw (vdP) Technique 
Measuring the conductivity of a solid sample usually imposes high degree of 
symmetry and precision in the shape of the sample. This is not ideal in many cases since 
it is very difficult to provide such geometries. The vdP technique makes it possible to 
measure the resistivity; hence the conductivity; of arbitrary shaped samples.[13,14] 
L. J. van der Pauw has shown that a correction factor for the geometry of a sample is 
not necessary to measure the resistivity. An arbitrary shaped sample resistivity can be 
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measured given that the contacts are sufficiently small and are on the circumference of 
the sample. Also, the sample is homogeneous in thickness and the surface is singly 
connected; i.e. a homogenous material.[15] 
 
Figure 6.3: Contacts arrangement for an arbitrary shaped sample. 
For an arbitrary shaped sample as the one shown in figure 6.3; the resistivity can be 
deduced from: 
𝜌 =  
𝜋𝑑
ln 2
(
𝑅1+𝑅2
2
) 𝑓 (
𝑅1
𝑅2
) (6.5) 
With  
𝑅1 =  
𝑉3,4
𝐼1,2
 and 𝑅2 =  
𝑉1,4
𝐼2,3
 
The subscripts of V and I represents the corresponding contact numbers in figure 3. The 
function 𝑓 (
𝑅1
𝑅2
)should satisfy the relation: 
cosh ([
𝑅1
𝑅2
−1
𝑅1
𝑅2
+1
]
ln 2
𝑓
) =
1
2
𝑒
ln 2
𝑓  (6) 
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For a uniform disk with four contacts at 90o intervals on the circumference and R1 = R2, 
equation 5 reduces to: 
𝜌 =  
𝜋𝑑
𝑙𝑛2
𝑅 (6.7) 
Where d is the thickness of the disk.[13] This shows that the conductivity can be easily 
deduced from a single resistance measurement for a uniform disk/pellet of thickness d. 
Also, no switching is needed as proven by Kasl and Hoch[13]; who also showed that by 
having the contacts across the edges of a thick pellet, the accuracy of the van der Pauw 
technique increases.  
Thus, the van der Pauw technique is much simpler to use since it is much easier to make 
pellets from solid state reactions and the placement of contacts will be simpler than with 
the 4-point technique.  
6.2.3 - Oxygen Sensor 
 In order to determine the partial pressure of oxygen for the surroundings of 
samples, a YSZ based oxygen sensor was used. A general representation of such a 
sensor is shown in figure 6.4.  
 
Figure 6.4: Typical YSZ based oxygen sensor. 
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The oxygen partial pressure of an enclosure can be determined using Nernst equation: 
𝑉 =  
𝑅𝑇
4𝐹
ln (
𝑝𝑂2
𝑝𝑂2𝑟𝑒𝑓
) (6.8) 
Where R is the gas constant, T is the temperature in Kelvin and F is Faraday’s 
constant.[16] In most cases the inside of such a sensor is exposed to the ambient air 
where the oxygen partial pressure is pO2ref = 21%.  
6.2.4 - Oxygen Chemical Diffusion Coefficient 
The ionic conductivity of an oxide is mainly governed by the concentration of 
two type of defects; i.e. oxygen vacancies and interstitial oxygen ions.[17] The ionic 
conductivity can be calculated using the Nernst-Einstein equation: 
𝜎 =  
𝑧2𝐹2𝐷𝑂
∗ 𝐶𝑂
𝑅𝑇
  (6.9) 
Where zF is the electrical charge of an oxygen mole, D*o is the tracer self-diffusion 
coefficient, CO is the concentration of oxygen, R is the gas constant and T is the 
absolute temperature.[7] If the ionic conductivity of an oxide increases with increasing 
oxygen partial pressure then the controlling defect will be the interstitial oxygen instead 
of oxygen vacancies; since the latter concentration will be smaller. The measurement of 
the ionic conductivity is not simple. Thus, many rely on measuring the oxygen tracer 
diffusion coefficient using the isotope exchange technique.[18,19] The tracer self 
diffusion coefficient D* is related to the chemical diffusion coefficient D through the 
relation: 
D ≈ γ  D* (6.10) 
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Where γ is a thermodynamic factor that can be obtained using TGA according to the 
relation: 
𝛾 =  
1
2𝑅𝑇
 ×  
𝜕(𝜇𝑂2)
𝜕𝑙𝑛𝐶𝑂
=  
1
2
 ×  
𝜕 ln 𝑝𝑂2
𝜕 ln 𝐶𝑂
 (6.11) 
Where 𝜇𝑂2 is oxygen chemical potential and pO2 is the oxygen partial pressure.[7] 
Many researchers indicated that the chemical diffusion coefficient can be obtained using 
the electric conductivity relaxation method. This method involves changing the oxygen 
partial pressure abruptly in the surroundings of a sample; while monitoring the change 
in the conductivity.[17,19] It is known that the sensitivity of conductivity to changes in 
oxygen partial pressure is much higher than other properties; e.g. weight.[17]  
The chemical diffusion coefficient is best described by Fick’s second law of diffusion: 
𝜕𝐶
𝜕𝑡
=  −𝐷
𝜕2𝐶
𝜕𝑥2
  (6.12) 
Where C is the concentration of the diffusing element and D is the chemical diffusion 
coefficient. In the case of oxygen, the chemical diffusion coefficient gives a measure of 
the flux of oxygen ions in or out of a unit surface area of a sample in unit time; i.e. 
cm2.s-1. A solution to Fick’s second law was provided by Crank[7,17,20], which relates 
the mass change to the diffusion coefficient. With appropriate boundary conditions the 
solution is 
𝑀𝑡
𝑀∞
= 1 − ∑
8
(2𝑛+1)2𝜋2
 × exp {− 
(2𝑛+1)2𝜋2𝐷𝑡
𝐿2
}∞𝑛=0   (6.13) 
Here, Mt and M∞ are the mass at time t and the mass at infinity after a relaxation 
transition. A similar analogy was made for the change in conductivity where the 
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normalized conductivity measured through the relaxation step is related to the above 
equation through: 
𝜎𝑡− 𝜎1
𝜎∞− 𝜎1
= 1 − ∑
8
(2𝑛+1)2𝜋2
 × exp {− 
(2𝑛+1)2𝜋2𝐷𝑡
𝐿2
}∞𝑛=0  (6.14) 
Here σt is the apparent conductivity at time t, σ1 is the initial conductivity and σ∞ is the 
conductivity after reaching equilibrium.[7] Through least square fitting of the 
normalized conductivity, the diffusion coefficient can be deduced. Two different 
approximations were given by Maier[20] to better estimate the oxygen chemical 
diffusion coefficient during conductivity relaxation measurements. For small relaxation 
times, equation 6.14 reduces to the following: 
𝜎𝑡− 𝜎1
𝜎∞− 𝜎1
≈  
4
𝜋3/2
√
𝑡
𝜏
 (6.15) 
Where for long relaxation times, a different normalisation gives the relation: 
𝜎𝑡− 𝜎∞
𝜎1− 𝜎∞
≈  
8
𝜋2
𝑒−𝑡/𝜏 (6.16) 
Where in both cases: 
𝜏 =  
𝐿2
𝜋2𝐷
 (6.17) 
Where τ can be estimated from the slope of the normalised conductivities during 
relaxation and L is the sample thickness in cm.[20] Using the above relations, for the 
first time a measure of the ionic conductivity of materials in one setting is possible 
through the use of the new setup developed in this work. Relaxation method and TGA 
can be performed simultaneously to give a precise determination of the oxygen 
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chemical diffusion coefficient, which then can be used to determine the tracer self 
diffusion coefficient using the thermodynamic factor obtained within the same run from 
the TGA side of the new system. This should give a better insight into the type of 
defects that control the total conductivity of different oxides and the overall 
electrochemical properties. 
6.3 - The Instrument 
6.3.1 - Introduction 
 The first step for developing a device that combines TGA and DC conductivity 
was to utilise an existing TGA instrument. The SDT2960, shown in figure 6.5, was a 
very good choice since its design for the balance arms and pans offered great degree of 
freedom for adding the needed contacts to measure the conductivity of samples. 
 
Figure 6.5: Photograph of the SDT2960 used in this work. 
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Also, since the arms are oriented horizontally, see figure 6.6, within the furnace unit 
with extensions on the back to place counter weights, this proved useful in 
compensating for the added weight after using pellets with DC conductivity contacts; 
i.e. compared to powder samples. The SDT2960 is a unique TGA instrument which 
offers great features from a wide temparure range; i.e. room temperature to 1500oC; to a 
balance sensitivity of 0.1µg. Also, the design of this intrument’s furnace gives better 
control in terms of temperature and atmosphere where the purge gas flows horizontally 
over the sample thus minimising the chimney effect.[21] 
 
 
Figure 6.6: Schematic of the SDT2960 different components.[21] 
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Some of the SDT2960 specifications given by the manufacturer are listed in table 6.1, 
of which is the very good balance sensitivity which is important to study defect changes 
in materials; i.e. oxygen vacancies formation in this study. 
Property Specification 
Temperature range Ambient – 1500oC 
Sample Capacity 200 mg 
Balance sensitivity 0.1 µg 
Maximum gas purge rate 1 litre/min 
Data Collection Rate 0.5 to 1000 sec/point 
 
Table 6.1: Specifications of the SDT2960.[21] 
 
6.3.2 - Initial Issues with the SDT2960 
The first step was to identify the fault that the SDT2960 was suffering from. The 
instrument kept generating an error signal due to unstable reference weight signal that 
originated from the second arm. Thus, as a first step, we tried to stabilise the reference 
arm by restricting its movement mechanically. This was done by placing two metal 
slabs above and below the metallic beam that extended towards the optical sensors on 
the back of the module; see figure 6.7. 
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Figure 6.7: Weight meter module. 
Using this approach proved to be ineffective in fixing the error. As a result, another 
approach was needed by looking into the internal electronics. After going through the 
different circuit diagrams it was concluded that the faulty signal from the reference arm 
was originating from the arithmetic electronics within the machine. The change in mass 
is monitored by the SDT2960 by measuring how much current is needed to bring back 
the arm to the zero position after a change had occurred. This current is fed to the coil 
surrounding a magnet. Thus, it was necessary to by-pass the whole reference circuit 
since it was very difficult to pinpoint the exact point that generated the wrong 
calculations. This was done by cutting the link between the reference arm and the data 
acquisition circuits which read the signal coming through as the reference weight. After 
physically cutting the link, see figure 6.8, and feeding it with the signal coming through 
from the sample arm; it was possible to start the machine without any errors generated.  
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Figure 6.8: Image showing the by-passing of the reference weight signal. 
This measure was found to be unsuitable since both ends, the sample and reference, 
were reading the same weight. Since the SDT2960 is continuously using the reference 
arm signal to correct for the sample weight; having both reading the same signal led to 
no weight change being detected. This was apparent after few runs where all plots had a 
straight line for the weight with temperature or time. Going back to the drawing board, 
it was necessary to determine the type of signal that was fed to the output terminal of 
the reference arm. By using an oscilloscope, it was found that the signal was in the form 
of a square wave and the weight value was set according to the frequency of this signal. 
A wave generator was then used to feed a fake signal to the SDT2960 in place of the 
original reference weight signal. By now, the instrument is reading a constant weight 
signal for the reference arm. This was a necessary measure to take in order to be able to 
operate the instrument and the furnace. By taking the reference arm out, an automated 
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correction mechanism was sacrificed and as a result the weight change of any sample 
will not be an absolute value. It was concluded that monitoring weight change in an 
isotherm that result from chemical changes to the material will be sufficient enough. 
Mainly, the machine will be used to monitor any weight changes that result during 
oxidation and/or reduction of the sample and correlate that to changes in electrical 
conductivity on a time scale at a fixed temperature.  
Physically removing the reference weight module from the SDT2960 led to another 
fault that restricted the machine from operating normally. This was corrected by short 
circuiting two terminals on the plug which was connected to the module; as shown in 
figure 6.9. These two terminals are responsible for generating a signal that confirmed 
that the reference module was connected.  
 
Figure 6.9: The plug of the reference module with the first two terminals short-
circuited. 
With all the previous steps, the SDT2960 was fixed and it was possible to start the 
furnace. Many runs were performed to test for the furnace operation and the whole 
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instrument prior to any measurements. By using an external thermocouple it was 
possible to check that the furnace controls were operating correctly in terms of ramp 
rates and set temperatures.  
6.3.3 - Alterations to the SDT2960 
 In order to combine DC conductivity measurement with TGA, certain changes 
were necessary to the original instrument. Firstly, four new contacts were needed for 
supplying current and measuring the voltage generated across the sample. This meant 
that four new wires were needed around the sample pan. To minimise any disturbances 
to the weight measurement, the wires were inserted through a new multi-pore alumina 
tube. The tube had a diameter close to the original beam of the SDT2960. Also, the 
original sample pan was altered by removing the edges and cutting four groves around 
the circumference to accommodate the new wires. The pan has a hole in the centre for a 
thermocouple which was suitable to give close measurement of the sample’s 
temperature. 
 
Figure 6.10: The new sample pan with a pellet connected and lifted to show the 
thermocouple location; as indicated by the red arrow. 
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 All wires were fixed in place by using a ceramic based cement to make the whole 
assembly rigid and close up the holes within the new tube at both ends. Gold was used 
as the material of choice for the new wires; since platinum can be affected by hydrogen 
at high temperatures. On the other end, the wires were connected to different terminals 
on the connections board using very thin copper wires. This was adopted from the 
original setup which used thin wires to connect the thermocouples to the middle 
terminals. The use of thin wires is necessary to lower any tensions that can affect the 
weight sensitivity and accuracy.  
 
Figure 6.11: Image showing the inside of the meter housing. The arrow points at the tip 
of the sample arm connected with fine wires. 
The added weight of the new sample arm was compensated by custom made stainless 
steel counter weights which were designed in the same manner as the original ones. 
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Multiple weights were made since the end user is expected to have different samples; 
e.g. pellets, bars, films...etc; thus different weights might be needed.  
DC conductivity is a very useful technique and it is more useful if combined with a 
measure of oxygen partial pressure (pO2). Thus, it was necessary to provide an oxygen 
sensor for the new jig. Since there was little space to work with, a small diameter thin 
YSZ tube was employed to be used as an oxygen sensor. The tube was painted with two 
electrodes on one tip by using platinum paste. The paste was fired at 900oC for at least 1 
hour to burn any organic solvents and solidify the platinum electrodes. Thin platinum 
wires were attached to the electrodes, using more platinum paste and this was followed 
by firing at the same conditions. 
 
Figure 6.12: The YSZ tube used (bottom) and the improvised pO2 sensor (top). 
Since the SDT2960 should be kept well sealed, and for the lack of space within the 
meters housing, the inside of the YSZ tube had to be kept at a constant oxygen partial 
pressure. This was done by using a buffer made out of a mixture of two different 
manganese oxides. Using a buffer is thought to maintain a fixed oxygen partial pressure 
within the zirconia tube.  
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Figure 6.13: The new setup for the SDT2960. 
The overall new setup is shown in figure 6.13. All fine wires were connected to the 
connection board that was fixed in the same harness that carried the old reference 
weight meter module. With 4 terminals for the conductivity of the sample measurement, 
2 terminals for the pO2 sensor and 4 others for the two thermocouples used in the setup; 
all signals were collected within a single cable that was taken out through a hole on the 
side of the housing.  
A source meter (Keithley 2400) was used for the measurement of the conductivity, a 
digital multimeter (Schlumberger 7150 plus) for measuring the voltage across the pO2 
sensor electrodes and a multi-channel thermocouple data logger (PICO USB TC-08). 
Also, a wave generator (Global Specialties, 2001 Function Generator) was used to 
supply a fixed reference weight signal to the SDT2960. 
 
Sample Pan 
pO2 Sensor 
Thermocouple 
Housing 
Connections Board 
Furnace 
Counter Wt. 
Wt. Meter 
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6.3.4 - Control and Logging Programmes (Software) 
Since the object of this work is to combine two techniques into one and due to 
restrictions imposed by copyrights it was necessary to design and use two separate 
programmes to control and monitor the new jig. The first software was the Thermal 
Advantage (Version 1.1A) by TA Instruments which is used to control the SDT2960 
and log the weight signal of the sample. The second software was an in-house designed 
logging programme using the National Instruments LabVIEW developer suite (ver. 
2010) software; which is in use by current conductivity measurement jigs; i.e. those 
were used to get the conductivity data outlined in chapter 4.  For this work, the software 
used for the work shown in this chapter was called logTGA.  
6.3.4.1 - Thermal Advantage 
 The main objectives of this software, shown in figure 6.14, are to control and 
programme the furnace of the SDT2960 and to log the weight and temperature of the 
sample as measured by the sample arm. As with any analytical instrument used in 
laboratories around the world, certain copyright restrictions prohibit the end user from 
being able to alter the controlling software or to communicate with the instrument 
externally using custom made software. We have tried to communicate and extract the 
relevant code externally. However, this attempt was not successful. Also, since the 
original manufacturer stopped supporting the SDT2960; given its old age compared to 
new instruments that are available; obtaining the original controls code was not 
possible. Thus, for the lack for any alternatives, a new version of the manufacturer 
control software was obtained which did work with the SDT2960.  
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Figure 6.14: A screen capture of the main window of the Thermal Advantage 
programme.  
6.3.4.2 - LogTGA 
This programme is used to log all the signals that are relevant to measuring the 
conductivity of samples with respect to temperature, oxygen partial pressure and time.  
 
Figure 6.15: A screen capture of the LogTGA programme. 
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The different parameters that were logged using the logTGA programme are shown in 
figure 6.16. 
 
Figure 6.16: Spreadsheet showing the different parameters logged by the LogTGA 
programme. 
The LogTGA programme was designed in order to facilitate the measurement of DC 
conductivity using the two different techniques explained earlier; i.e. 4-point and vdP; 
which is mainly done by using a switch on the main screen while providing a correction 
factor or a thickness of the sample, respectively. The programme carries out the 
necessary calculations to give the final conductivity of the sample. Also, since the 
oxygen partial pressure inside the used pO2 sensor is not known, an input field was set 
for inserting a reference pO2 value by the user. Different controls are also included to 
control the experiment. The user can control the logging speed and set when the 
experiment should stop by giving a time frame in hours or minutes and if the 
temperature is below a certain value.  
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6.3.5 - Testing Phase 
 The first test that was performed for the new jig was that of the furnace. By 
using two thermocouples; i.e. the SDT2960 S-type and an R-type; it was possible to 
confirm that the furnace was in a good operational order. The furnace was given a step 
programme with a ramp rate of 5oC/min with different set isotherms.  
 
Figure 6.17: Profile of the temperature programme as measured by two different 
thermocouples. 
The first result, shown in figure 6.17, proved that the SDT2960 furnace followed the 
given programme. Both readings were logged using the logTGA programme using the 
external circuit. The R-type reading is lower because it was placed slightly away from 
where the sample pan was positioned within the furnace. Most importantly, the ramp 
rate was followed exactly as was given and the isotherms were kept for the given 
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periods of time. A comparison between the temperature read by the SDT2960 and the 
R-type thermocouple through the external circuit is shown in figure 6.18. 
 
Figure 6.18: Temperature programme as measured by the SDT2960 and the R-type 
thermocouple. 
Again, this shows great agreement in terms of the ramp rate and lengths of the 
isotherms. Moreover, a comparison was done for the same temperature programme 
between the SDT2960 and the external circuit using the shared S-type thermocouple. 
This is shown in figure 6.19.  
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Figure 6.19: Temperature measured using the same S-type thermocouple showing a 
great overlap between the two systems. Note: some data were omitted due to an error. 
This step was very important to ascertain that the new control software; i.e. Thermal 
Advantage; was controlling the SDT2960 correctly in feeding the correct power to the 
furnace for a given set temperature.  
The second part of testing was for the new setup to measure the conductivity. A pellet 
of La0.2Sr0.25Ca0.45TiO3 was pre-reduced at 1050
oC in 5%H2/Ar for 72 hours. The pellet 
was connected to the gold wires on the sample pan and heated to 900oC at 5oC/min.  
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Figure 6.20: The conductivity of dense La0.2Sr0.25Ca0.45TiO3 as a function of 
temperature measured in two different jigs under reducing conditions. 
As the conductivity of La0.2Sr0.25Ca0.45TiO3 was measured using a stand-alone vdP jig 
and then using the new setup of the SDT2960; it is very obvious that both are showing 
very good resemblance. Measuring the conductivity of the same material in the new 
setup showed a loss in the maximum conductivity at 900oC by about 7 S/cm. Since the 
sample used within the new setup underwent further thermal treatments in order to 
reduce its diameter to fit for the new sample pan; it was concluded that this loss might 
be due to this since these materials performance is affected by the thermal history of the 
sample. However, it was proven that both runs look very similar in shape; i.e. metallic 
n-type conductivity; that it confirmed that the conductivity setup is working well.  
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Many tests were conducted to test the pO2 sensor used. Mainly these tests were carried 
out to determine the oxygen partial pressure within the tube to get a reference value to 
be used in future experiments. Tests have revealed that the pO2 sensor was too long to 
have a uniform temperature thus the voltage generated was not precise enough to give a 
reliable measure of the oxygen partial pressure. Having a compact horizontal furnace 
leads to having a temperature gradient along its main axis. This was evident from the 
temperature difference measured between the two thermocouples used. Thus it was 
decided to alter the pO2 sensor to make it shorter and have a smaller exposure area to 
the ambient environment. This is shown in figure 6.21. The YSZ tube was held in place 
by using an alumina tube with both ends sealed using ceramic based cement.  
 
Figure 6.21: New pO2 sensor in place next to the sample arm in the SDT2960. 
Testing the new sensor showed a better thermal response; see figure 6.22; thus 
confirming the need for this change. A smaller confinement will yield a faster approach 
to equilibrium for the inner part of the YSZ tube, which is necessary to give a precise 
measure of the oxygen partial pressure of the surrounding atmosphere much more 
readily. 
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Figure 6.22: Voltage generated across the new and old pO2 sensors as a function of 
temperature in air. 
The thermal response of the new oxygen sensor has improved with more high 
temperature runs as shown in figure 6.23. 
 
Figure 6.23: Voltage generated by the new sensor as a function of temperature in air; 
after further runs. 
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Although the performance of the new sensor has improved with more runs; which might 
be due to improved contact of the platinum electrodes; an accurate measure of oxygen 
partial pressure was not achieved due to leaks. Various attempts to improve the sealing 
of the YSZ tube were taken with little success. Figure 6.24 illustrates the performance 
of the new sensor as it was heated to 932oC in air and then taken through a redox cycle.  
 
Figure 6.24: oxygen partial pressure as measured by the new sensor at 932oC as the 
purging gas was switched as shown above. 
It was clear that the sensor is working as intended since log pO2 decreased significantly 
when subjected to hydrogen. However, it was clear that there is a leak even after 
multiple applications of extra sealant.  
Despite this, the new jig showed a very satisfying performance through the testing 
phase, where we went for testing the new concept of simultaneously measuring the 
weight change and dc conductivity of samples.  
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6.4 - Experimental 
 Pellets were synthesised from a batch of La0.2Sr0.25Ca0.45TiO3 powder that was 
previously synthesised and ball milled into fine powder. Powder was pressed into a 7 
mm diameter pellet using a uniaxial press. Pellets were fired between 1300-1400oC for 
8-12 hours at a heating/cooling rate of 5oC/min. Porous samples were sintered with a 
50:50% mixture of glassy carbon and graphite. A dense pellet with relative density of 
90.11% was produced. Also, two pellets were sintered with 30wt%and 50wt% of the 
pore former; giving relative densities of 74.28% (sample A) and 69.51% (sample B) 
respectively. The dense pellet was pre-reduced at 1050oC for 72 hours with 5%H2. 
Since ceria is known to improve the catalytic activity of many oxide based materials 
towards the oxidation of fuel (chapter 1), especially hydrocarbons, sample A was tested 
as prepared and then it was impregnated with ceria using a solution of 0.3moles/litre of 
cerium nitrate in ethanol. Droplets of the solution were dropped on the pellet and then it 
was fired at 250oC for an hour. This process was repeated to reach a 2.81 wt% of ceria, 
following improvement works conducted on other materials within our research group. 
Also, excess weight percentage of ceria can dominate the electronic conductivity of the 
prepared samples.  
Gold contacts and fine wires were placed on the pellets using gold paste painted 
around the circumference of each pellet at 90o intervals. These were fired at 900oC for 
an hour to burn any organic solvents. Also, gold paste was used to connect the wires on 
the pellet circumference to the wires on the sample arm and burned eventually. All 
contacts were checked prior to the start of any measurement.  
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Samples were tested in the new jig while kept at an isotherm around 900oC and 
switching the purge gas between air and 5%H2:95%Ar to monitor any changes to 
weight and conductivity. Both gasses were supplied directly from gas cylinders.  
6.5 - Results and Discussion 
 Testing the new jig by using the dense pellet of La0.2Sr0.25Ca0.45TiO3 showed 
good correlation between weight change and the change in electrical conductivity. 
Figure 6.25 shows the pellet taken through a redox cycle at 912oC. 
 
Figure 6.25: Electrical conductivity and the corresponding weight change of dense 
La0.2Sr0.25Ca0.45TiO3 through a redox cycle at 912
oC. 
Although the weight signal was noisy, it is clear from the figure above that there is a 
strong dependence of the electrical conductivity on the oxygen content of the sample. It 
should also be noted that the sample did not reach equilibrium under air; since the 
shown result in figure 6.25 indicates a 0.13% weight gain; compared to 0.32% weight 
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gain obtained for the same composition in a standalone TGA instrument for a fully 
oxidised sample. Both signals; i.e. conductivity and weight; show a very similar 
behaviour to each other, see figure 6.26. 
 
Figure 6.26: Electrical conductivity and the corresponding weight change of dense 
La0.2Sr0.25Ca0.45TiO3 through a second redox cycle at 912
oC. 
After reducing the sample; an oxygen deficiency of about 0.017 was calculated, giving a 
nominal stoichiometry of La0.2Sr0.25Ca0.45TiO2.983. Also, since this pellet was slightly 
oxidised during the firing of the gold contacts; i.e. an hour under air at 900oC; the 
conductivity increased slightly initially as shown in figure 6.25. After oxidising the 
pellet for at least 24 hours, the maximum conductivity obtained decreased significantly; 
from 32.8 S/cm to 16.9 S/cm; which suggests that increasing the oxygen deficiency of 
this material requires higher reduction temperatures and/or very long times. Re-
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reduction of the dense pellet revealed that there were two steps involved; where it can 
be seen that different rates of reduction are involved. This can suggest that reducing the 
surface of a specimen takes place first; and the electrical conductivity takes place 
mainly through the surface grains. This is followed by a much slower reduction rate 
which can reflect the activity of the bulk of the sample.  
Porous samples of La0.2Sr0.25Ca0.45TiO3 that were reduced in-situ were tested to see the 
response of the conductivity to a lower relative density. 
 
Figure 6.27: Response of conductivity of the porous samples of La0.2Sr0.25Ca0.45TiO3 
during reduction at 907oC. 
As can be seen from figure 6.27, the response of sample B is faster than that of Sample 
A and the conductivity was higher indicating more Ti4+ was reduced. As both were 
exposed to 5%H2, the catalytic activity of sample B is higher because of the lower 
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relative density; hence, the higher diffusion rate of oxygen. Weight signal for this part 
could not be measured accurately due to ambient noise that was picked up by the 
instrument leading to significant errors in weight measurement. The most probable 
source of the noise might be to heavy traffic in the surrounding area due to the location 
of the instrument near the delivery entrance of the laboratory. Also, there were 
extensive renovation works taking place in the room next door. During the course of 
testing and experimenting with this new setup, as mentioned elsewhere, it was found 
that extra care must be insured in order to establish vibration free surroundings to obtain 
reliable weight change readings. Since we have discarded the reference arm; due to the 
fault mentioned earlier; it was noticed that if the instrument; i.e. the weight arm more 
specifically; has picked up some noise, the weight signal changes correspondingly. And 
for this signal to return to the correct weight value, it takes quite a significant time; e.g. 
1-3 hours; in the absence of the noise that generated this error.  
It should be noted that the conductivity of both samples were corrected for the 
difference in density according to equation 18.[4] 
𝜎𝑚
𝜎𝑐
= 2 × (
𝜌𝑟𝑒𝑙
100
−  0.5) (6.18) 
Where σm, σc and ρrel are the measured conductivity, corrected conductivity and relative 
density, respectively. 
The ceria impregnated pellet was taken through a redox cycle, figure 6.28, to see the 
effect on the catalytic activity of the material. 
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Figure 6.28: Conductivity and oxygen deficiency change of the ceria impregnated pellet 
reduction at 918oC. Note: Sample was left to equilibrate at the set temperature and to 
get a stable weight signal from the SDT2960 for 10 hours. 
Ceria has shown an improvement to the catalytic activity of sample A significantly; 
where it is clear that the conductivity increased in a faster pace than before once the 
pellet was exposed to hydrogen. A very distinct feature of ceria impregnation was that 
the conductivity and weight behaviour in the reduction stage showed two different rates. 
This was understood to originate from the catalytic activity of ceria which facilitated a 
faster reduction to the surface of the sample which was followed by the normal 
reduction of the bulk which can be seen from the weight signal. Another observation 
from the above result is the small oxygen deficiency created within the re-reduced pellet 
at 900oC. This goes back again to the finding that higher oxygen deficiency is easily 
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obtained at higher temperatures; e.g. 1050oC; where the conductivity of the same 
material was much higher. 
The oxygen chemical diffusion coefficient was measured using the conductivity 
relaxation method explained earlier. Relaxation data for the oxidation step of the porous 
samples of La0.2Sr0.25Ca0.45TiO3 showed a much faster change which is typical with 
titanates; thus for more reliable estimate of the diffusion coefficient the reduction steps 
were used instead for these samples. The first result was to estimate the diffusion 
coefficient of the dense sample. Figure 6.29 shows the natural log of the normalised 
conductivity M which was calculated using the left hand side of equation 16.  
 
Figure 6.29: Normalised relaxation conductivity for the reduction of dense 
La0.2Sr0.25Ca0.45TiO3 at 900
oC with the calculated oxygen chemical diffusion coefficient 
shown. 
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For the dense sample the oxygen chemical diffusion coefficient measured during 
oxidation was very similar; i.e. 4.37310-7 cm2/s; which confirms the success of the 
method used in this work. This oxygen diffusion coefficient is in the same order of 
magnitude to that of YSZ and CGO as reported in literature.[18,22]This result was 
compared to that for the porous sample A; the diffusion coefficient is shown in figure 
6.30.. 
 
Figure 6.30: Normalised relaxation conductivity for the reduction of Sample A of 
La0.2Sr0.25Ca0.45TiO3 at 900
oC with the calculated oxygen chemical diffusion coefficient 
shown. 
With the added porosity the oxygen diffusion coefficient of sample A was smaller by an 
order of magnitude when compared to the dense sample. Sample B has higher porosity 
than sample A as can be seen from the SEM micrographs in figure 6.31. 
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Figure 6.31: SEM micrographs comparing the porosity of sample A and sample B, 
respectively. 
Since sample B showed a lower density than that of sample A, given the higher 
porosity, the oxygen diffusion coefficient was higher by an order of magnitude, as 
shown in figure 6.32.  
 
Figure 6.32: Normalised relaxation conductivity for the reduction of Sample B of 
La0.2Sr0.25Ca0.45TiO3 at 900
oC with the calculated oxygen diffusion coefficient shown. 
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Since the electrical conductivity of sample A was found to be lower than sample B; 
having a lower oxygen diffusion coefficient can be explained through the analogy that 
when an oxygen vacancy is generated on an oxygen lattice point, two electrons are 
generated according to the reaction: 
𝑂𝑜
𝑥 =  𝑣𝑜
•• +  2𝑒− + 
1
2
𝑂2 
In the above reaction three mechanisms are involved in the removal of lattice oxygen. 
These are the formation of an oxygen vacancy on the lattice point involve, removal of 
electrons and finally the removal of oxygen molecules. Thus, the removal of these 
generated electrons is equally important to the removal of oxygen molecules. 
Comparing between sample A and sample B, we find that the oxygen diffusion 
coefficient in sample B is higher than that of sample A; which can be attributed to 
increased porosity making the removal of oxygen much easier; as well as, more reduced 
surface area does result giving higher electronic conductivity. In the dense sample, there 
is more material for a given surface area; giving higher conductivity when compared to 
the porous samples.  This picture is confirmed with the ceria impregnated sample A; its 
electrical conductivity was higher with ceria, thus, it can be seen from figure 6.33, that 
the diffusion coefficient was higher and similar to that of the dense La0.2Sr0.25Ca0.45TiO3 
and sample B; i.e. the same order of magnitude.  
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Figure 6.33: Normalised relaxation conductivity for the reduction of the ceria 
impregnated sample of La0.2Sr0.25Ca0.45TiO3 (Sample A) at 900
oC with the calculated 
oxygen chemical diffusion coefficient shown. 
The above figure shows that there is an improvement in the chemical diffusion of 
oxygen with ceria, this increase can be a result of a faster diffusion of oxygen that 
results from the reduction of the ceria; as we have seen in figure 6.28; also, in figure 
6.34, it can be seen how ceria impregnation changed the morphology of sample A, 
where the distribution of ceria is obvious and can be said to dominate the oxygen 
chemical diffusion. However, the estimation of the oxygen chemical diffusion 
coefficient was taken over the whole run, thus it can be argued that this is a good 
approximation of the performance of the system understudy here.  
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Figure 6.34: SEM micrographs of sample A before (left) and after (right) impregnation 
with ceria. 
The micrographs show that most of the pores have closed up with ceria; which is 
creating more conducting pathways throughout the pellet. Ceria addition did improve 
the kinetics through redox cycling, however, from figure 6.33; the diffusion coefficient 
is slightly higher to that of the dense sample. Having very similar values for most of the 
tested samples in this work may indicate that the diffusion coefficient measured here is 
that of the material itself; and porosity has little or no effect. The different oxygen 
diffusion coefficients obtained in this work are listed in table 6.2. 
Sample D(O2) (cm2/s) Notes 
Dense Pellet 3.406E-7 Relative density 90.11% 
Sample A 3.069E-8 Relative density 74.28% 
Sample B 1.345E-7 Relative density 69.51% 
Sample A + Ceria 8.617E-7 Impregnated with 2.81wt% Ceria 
 
Table 6.2: Oxygen chemical diffusion coefficients obtained with different samples of 
La0.2Sr0.25Ca0.45TiO3. 
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The diffusion coefficients of the different samples, shown above, are all in the same 
order of magnitude, except for Sample A. This can indicate an intimate relation between 
the electrical conductivity, as explained earlier, where as the conductivity increases in 
this type of titanates the oxygen diffusion increases as well. However, since we are 
limited with the current setup, a precise determination of the exact factor that affect the 
oxygen diffusion, whether it is the bulk or the surface that give these values. The 
diffusion coefficient was slightly affected by the addition of ceria and showed a slightly 
higher value to the dense sample; this can indicate an improvement in the catalytic 
activity. As mentioned earlier, most of the samples showed a similar diffusion 
coefficient to that of YSZ electrolyte and this shows that this material can be considered 
as a good alternative anode material. This is because in the operation of SOFCs, a 
continuous oxygen diffusion coefficient profile through the different phases; i.e. 
electrolyte and anode; will surely increase the efficiency of the whole system through 
minimising the losses through the different components. Having a similar order of 
magnitude; 10-7 cm2/s; does confirm that the experimental setup and analysis employed 
in this work was successful in determining the oxygen diffusion coefficient of 
La0.2Sr0.25Ca0.45TiO3, despite the different difficulties. Most importantly, with the setup 
used in this work it was possible to confirm that the electrical conductivity in the A-site 
deficient perovskite, studied here, is intimately linked with its oxygen diffusion 
coefficient which indicates that the overall performance of this material is affected by 
its oxygen content. 
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6.6 - Conclusions 
 We have successfully demonstrated a new analytic technique that combines 
TGA with DC conductivity using an existing TGA instrument with extra modifications. 
The modifications involved adding four contacts to collect the DC conductivity, an 
oxygen partial pressure sensor to readily quantify the surrounding atmosphere and 
changes to the original sample’s arm. An A-site deficient perovskite was used as the 
testing material and showed a strong correlation between weight change, oxygen 
chemical diffusion coefficient and conductivity. Oxygen content or the lack of it; i.e. 
oxygen vacancies; governs the electrical conductivity of this type of materials where 
increasing the oxygen deficiency showed to improve the electrical conductivity, as it 
was found in chapter 4. Porosity improved the catalytic activity of this material; as well 
as; impregnation with ceria, where the samples showed faster redox kinetics. Oxygen 
chemical diffusion coefficient was measured for La0.2Sr0.25Ca0.45TiO3 successfully using 
the conductivity relaxation method; which showed a strong correlation between oxygen 
content and electrical conductivity. The results also indicate little effect by the 
microstructure of the samples; i.e. porosity; on the oxygen diffusion coefficient, which 
validates the relaxation method used. Further improvements are needed to better 
quantify the thermal parameter which will give a good approximation of the oxygen 
tracer diffusion coefficient of different oxides. This will be the focus of future work. 
6.7 - Future Recommendations 
 The jig showed very good results, however, there are some improvements that 
can be adopted in the future to make it a more reliable technique. Firstly, without any 
reference weight measurement and because of the way the instrument was designed, a 
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simultaneous correction had to be sacrificed. In order to overcome this, the instrument 
should be operated away from any ambient noise as much as possible. Moving the 
instrument to a more isolated area and placing it on a vibration free bench can improve 
the weight reading significantly. Also, it will be possible to run a weight baseline which 
was tried in this work but failed due to noise that was picked up by the SDT2960.  
 Secondly, a precise measure of the oxygen partial pressure could not be 
achieved by using an YSZ tube due to leaks. Using a smaller section of the tube 
improved the voltage response to temperature. Having an external oxygen sensor was 
considered; however, that would require an additional furnace which will increase the 
complexity and cost of this technique. Alternatively, a smaller sensor can be made by 
using a cell made of YSZ where one side is exposed to the ambient air through a sealed 
tube. Extra care should be taken in drilling an opening through the cast metal of the 
meter housing to avoid any fracturing that might lead to further leaks. A precise control 
of the partial pressure using flow controls will prove very beneficial for conductivity 
relaxation method in order to determine the oxygen diffusion coefficient. The 
thermodynamic factor can also be obtained, using equation 11, through a precise 
measurement of the change in oxygen partial pressure surrounding a sample along with 
a more sensitive weight change which can give a measure of the oxygen concentration. 
The thermodynamic factor can be used to measure the oxygen mobility as well. The 
potential of this novel instrument can increase when it includes the determination of the 
tracer self diffusion coefficient; which can give a direct measure of the ionic 
conductivity. This instrument can be an all-in-one machine, where many different 
electrochemical analytic techniques can be combined together.  
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Chapter 7 
 
Final Remarks and Future Recommendations 
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7.1 Final Remarks 
As we started this work with the synthesis and characterisation of the A-site 
deficient La0.2Sr0.7-xCaxTiO3, the end result became very diverse, yet, very connected. 
We successfully obtained solid solutions of different samples with different calcium 
content through solid state synthesis. Although very dense, the electrical conductivity 
showed a positive proportionality with calcium content; which led to decreasing unit 
cell volume bringing the conduction orbitals closer to each other. However, this increase 
in conductivity was held to a maximum with the composition La0.2Sr0.25Ca0.45TiO3 
which showed an electrical conductivity just over 27 S/cm at 900oC. The conductivity 
dropped with increasing calcium content afterwards. During the course of studying 
these materials, we proved or re-established that the total conductivity for a given 
composition depends greatly on the oxygen deficiency obtained through reduction. This 
deficiency was much higher when samples were reduced at higher temperatures; e.g. 
1050oC compared to 900oC. 
As a novel material, a detailed crystallographic analysis was provided where 
many interesting findings were obtained. Through X-Ray and neutron diffraction 
methods, the symmetries of samples in the series La0.2Sr0.7-xCaxTiO3 were found. This 
helped in lifting some of the ambiguity surrounding the different/conflicting symmetries 
reported in literature for similar compounds, especially for different samples in the 
series Ca1-xSrxTiO3. These conflicting reports initially led to much debate about the 
correct symmetries of our system. Nonetheless, it was proven that this system is slightly 
distorted; i.e. much less than its counterparts in literature. Two symmetries were 
present, tetragonal I4/mcm and orthorhombic Pbnm for compositions 0.1 ≤ x ≤ 0.35 and 
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0.4 ≤ x ≤ 0.7, respectively. These lower symmetries were a result of tilts and slight 
distortions to the BO6 octahedra which were easily removed at high temperatures. 
Samples that were studied at high temperatures, showed higher symmetries and ended 
up with the ideal cubic symmetry at 900oC. The interesting finding was that at this 
temperature, the two samples; i.e. x =0.45 and x =0.5; showed the relatively the same 
unit cell; however, the composition La0.2Sr0.2Ca0.5TiO3 showed a lower conductivity 
although its unit cell volume was smaller that x =0.45. Further investigation led to the 
finding that traces of the distortions at lower temperatures were still affecting the BO6 
octahedra at the cubic symmetry; where the sample x = 0.5 showed higher isotropic 
parameters which indicate more disruption to the conduction orbitals; which led to the 
lower conductivity. Unlike much of the reported diffraction results of stoichiometric 
compounds; e.g. Ca1-xSrxTiO3; these A-site deficient compositions showed distortions to 
the BO6 octahedra through unequal bond lengths between the titanium and the 
neighbouring oxygen anions.  
Overall the system did show very encouraging properties to be considered as a 
good alternative anode material for SOFCs. Interesting properties were shown from the 
close TEC; i.e. compared to that of the most common electrolyte, YSZ; to a very good 
stability thorough thermal and redox cycling. Also, phase purity was obtained at lower 
sintering temperatures which can make processing this material much cheaper and 
easier. Redox kinetics improvements to this system were obtained through impregnation 
with ceria and can be further enhanced with different catalysts for better fuel oxidation 
and electrical performance. It should be mentioned that as this thesis was written, 
La0.2Sr0.25Ca0.45TiO3 was chosen to be the material of choice for fuel cell tests that are 
being conducted jointly between the University of St Andrews and the leading fuel cell 
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manufacturer HEXIS. The material is showing very encouraging performance as it was 
impregnated with nickel and ceria; which will be the subject of a publication very soon.  
As this work is mainly sponsored by the government of the United Arab 
Emirates; a study that outlined the best alternative energy technologies and how to best 
implement fuel cell technology in the country given different aspects was necessary. 
This is but a small attempt to help decision makers in the Emirates to see a clearer 
picture of the different options available to them, to keep the development rolling. In 
chapter 2, we outlined different aspects about the country that should be taken very 
seriously when planning to implement renewable energy technologies. The most 
important aspect is the water shortage; which is currently supplied to the population 
through sea water desalination plants. We argued that desalination at the current and 
projected rates cannot be sustainable and it can become a very heavy burden on the 
government in the near future. Given the arid climate of the main body of water; the 
Gulf; it is only inevitable that salt levels and the sea water temperature will rise; leading 
to increased cost of desalination. Being one of the largest oil producing countries in the 
world, the UAE has an advantage; given its healthy economy; to experiment with a new 
proposed system that combines different technologies that stemmed up from fuel cell 
development. Indeed, this system is not intended to replace the whole energy and water 
sector in the country. It is meant to utilise the different infrastructures already existing 
within the country to increase the efficiency associated with power generation and fresh 
water production. Combining water electrolysis with fuel cells can be a very good 
alternative to the current employed mechanisms. As water consumption levels are very 
high, waste water is abundantly available to be utilised in the production of hydrogen 
through steam electrolysis. Hydrogen can be pumped or stored taking benefit of the 
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country extensive oil industry infrastructure; which then can be used in hydrogen fuel 
cells for cogeneration of power and water. Oxygen was considered to be used in fish 
farming to provide a major food source; which is declining in natural habitats due to 
many human actions. Also, direct methane fuel cells can be extensively utilised in 
current power station; where they will be much more efficient than the currently used 
gas turbines. Also, water can be relatively easier to extract off the exhaust of the fuel 
cell stack and collected and transported to consumers. All of this was thought of since 
we believe strongly that given the climate of the Emirates; i.e. desert climate; solar 
energy which is a very obvious choice when it comes to renewables; however solar 
energy might be after all very costly when the very frequent sand storms do hit. Solar 
energy can be utilised in providing power to waste water treatment plants; where more 
are being built; and electrolysis units, instead of using it to power large cities and towns. 
All in all, the UAE has a great potential in exploring many different alternative energy 
technologies, but it is our belief that fresh water should be at the backbone of the 
planning phase and that our proposed system can be further improved and it will pose as 
a very useful alternative, renewable and clean method for cogeneration of water and 
power. Finally, all the above potential implementations of fuel cells related technologies 
in the UAE do encourage in the search for alternative materials for SOFCs that will give 
the optimum utilisation of certain conditions/resources of a given region while 
providing the best performances. The UAE is one of the leading oil producing countries 
in the world, thus developing materials that can utilise different hydrocarbon based fuels 
with minimum degradation is very important for the adoption of fuel cells in these 
markets.  
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As with any material research, in many occasions the studied material can end 
up to be used in a different application than the one it was intended for. Since the 
prepared samples of La0.2Sr0.7-xCaxTiO3 were intended as anode material for SOFCs; 
some showed a stable tetragonal perovskite structure; which is thought of to be rare; 
which diverted the attention to ferroelectricity. Thus, many samples were studied using 
AC impedance spectroscopy. These studies gave many different indications of the 
nature of these samples. Most importantly, it showed that most of the samples are 
homogenous and showed a semiconducting behaviour when these were fully 
oxygenated. The dielectric constant dropped with increasing calcium indicating more 
stable phases as calcium content increased. No ferroelectric behaviour was noticed and 
this confirmed that the symmetry investigations of chapter 3 were correct; since 
ferroelectricity is associated with non-centrosymmetric space groups. Thus, although 
this part of the thesis seems off course, it helped in further broaden our understanding of 
the material given the few experiments that were conducted. 
Finally, the most interesting part of this work was the development of the new 
jig outlined in chapter 6. This part was very interesting since it involved many aspects 
of the material research world. Through alteration made to an old TGA instrument, it is 
now possible to measure the DC conductivity and weight change of a sample 
simultaneously. This method brings together many different analytical techniques into 
one device. Most importantly, this new setup provides us with a much clearer picture in 
the different processes; since both measurements are obtained for a single sample. 
Although we were not successful in obtaining a precise measure of oxygen partial 
pressure, we successful obtained useful data that can be further improved that linked DC 
conductivity to changes in the stoichiometry of a sample. This device was also useful in 
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determining the oxygen diffusion coefficient; using the electrical conductivity 
relaxation method; of the material studied; which gave very interesting values that were 
comparable with YSZ. This further convinced us that the system La0.2Sr0.7-xCaxTiO3 is a 
very good candidate to be an alternative anode material for SOFCs. The results were 
impressive despite the difficulties endured during the course of developing this jig. 
Noise that was picked up by the instrument due to traffic and personnel movement and 
actions in the surrounding area affected many measurements; giving useless weight 
change measurement. La0.2Sr0.25Ca0.45TiO3 maximum conductivity depended greatly on 
its oxygen deficiency; which in turn increased when the sample was reduced at 
temperatures higher than 900oC.  This instrument is being enhanced further to provide 
further stability and better control and determination of oxygen partial pressure. This 
can lead to the determination of both the oxygen diffusion coefficient and tracer 
diffusion coefficient; bringing an extra important parameter in oxides research. Most 
importantly, this part has resulted in providing a new jig for other users to take 
advantage of; where effort and time can be saved significantly. 
Many publications based on the different findings in this thesis are being 
prepared and will soon be published. First, a manuscript will be published which will 
outline the structural changes associated with calcium doping and the effects these led 
to in terms of electrical conductivity and other features of the material. Another paper is 
also being prepared that outlines the detailed structural analysis at room temperature of 
the different compositions, as well as, the structural changes at high temperatures 
obtained using neutron diffraction as was shown in chapter 3. This shall be an important 
publication since it establishes a new phase map of the ternary system CaTiO3 - 
La2/3TiO3 - SrTiO3; which will be very useful in helping to resolve the disputes in the 
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literature regarding similar compounds. Finally, a paper will discuss the work in chapter 
6; outlining the concept and implementation of the novel instrument that combines DC 
conductivity and TGA in one setup; which will help in protecting our concept from 
possible imitation. Such a basic setup holds the potential of being adopted by an 
analytical instruments manufacturer. Some results will be included to show the potential 
of such a device in the electrochemical community. Moreover, we are looking into the 
possibility of a potential publication discussing the findings in chapter 5; the 
ferroelectric study.  
All in all, although this thesis may seem to be very diverse, it is essentially very 
well connected and the end result does provide many unique findings and inputs to the 
research efforts surrounding the development of new materials for SOFCs in particular 
and oxides or ceramics development in general. 
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7.2 Future Recommendations 
 As we did try to do our best in conducting the different works and analysis 
within the different chapters of this thesis; there is always room for improvement or 
details that were overlooked.  
 Firstly, it can be very useful if more intermediate compositions; between the 
studied ones; of the system La0.2Sr0.7-xCaxTiO3 can be synthesised in the same manner 
here in order to study their structures. This is important to validate the outlined 
phases/symmetries in the phase maps shown in chapter 3. Also, it will be very useful to 
ascertain the existence of other phases in between; partly to satisfy the doubts coming 
from different sources in the literature. Also, a sub-ambient study of the different 
compositions that were examined in chapter 5 for ferroelectricity using diffraction 
techniques to establish whether there are phase changes that take place at low 
temperatures; this will help to give a very wide spectrum into the different crystal 
structures of these perovskites. Investigating different microstructures and their effect 
on the reduction of these titanates and their electrical conductivity can shed more light 
into the different key processes that affect the performance. Since we’ve seen that 
reducing these samples highly depends on the reduction temperature; and having a high 
temperature to reduce these samples plus long periods of time can add to the complexity 
of producing these materials. Thus, a study might be useful into the effects of different 
microstructures plus the role of different catalysts to the reduction process might give 
some insights into improving the reduction process. Moreover, since we were mainly 
concerned with establishing which calcium content gave the highest conductivity and 
having dense samples; investigation of the defect chemistry involved in these materials 
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was not possible. Thus, having different microstructure that will facilitate such an 
investigation will be very useful in understanding this material much better. As 
mentioned above, studying the performance of these materials with different catalysts in 
terms of type and concentration, as well as, the effects of different synthesis methods on 
the performance can further enhance the electrical performance and the electrochemical 
kinetics as well. 
 As we’ve found high conductivity in La0.2Sr0.25Ca0.45TiO3, this composition can 
be a basis for new compounds where the B-site is doped with different cations which 
can improve the catalytic activity and may make reducing these compositions much 
easier. The possibilities are endless; however, careful considerations and following a 
consistent plan for the dopants and their concentrations can give a very deep 
understanding which can help in the development of other materials.  
 Finally, the scientific research is an endless endeavour, where the areas to be 
explored are almost infinite. Having a conscious mind and a clear plan is very important 
in the search for new materials for different applications. With the current scale; fuel 
cells have a very bright future and soon they will be the main source of energy 
worldwide.  
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Introduction 
Many materials researchers rely on Thermogravimetric Analysis (TGA) as a 
necessary tool to study the changes that samples undergo with different experimental 
conditions. This technique measures minute changes to a sample’s mass corresponding 
to changes in the surrounding conditions. On the other hand, much research is targeted 
to study electrochemical properties of different materials.  
The jig, discussed here, evolved from studying solid oxides that form different 
components in a fuel cell. For example, studying different oxides that can be used as 
anodes in a solid oxide fuel cell (SOFC) requires measuring the electrical conductivity 
at different temperatures and atmospheres. Where in many cases it is clearly 
straightforward to understand the different mechanisms governing the performance of 
some oxides, some show different behaviours. And since the conductivity of most of 
these oxides depends on the oxygen content; TGA is important to quantify the 
performance of such samples. Thus, it was thought that having a device that performs 
TGA while measuring the DC conductivity of a sample will prove to be very beneficial.  
In the following pages, instructions are given on how to operate an improvised 
jig that measures the DC conductivity of samples alongside measuring the weight 
changes; i.e. TGA. 
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Description: 
The jig is based on the TA instruments SDT2960 simultaneous DTA-TGA. This 
instrument was altered to accommodate necessary components to measure the DC 
conductivity while maintaining the functionality of TGA. By taking advantage of a 
malfunctioning circuit that used to measure the reference weight; the weight meter/arm 
was removed from the housing to give space for inserting an oxygen sensor and its 
thermocouple. New sample arm was designed with four gold wires running through the 
whole beam and the pan itself was made flat to accommodate different sample shapes.  
 
 
Figure 1: The TA Instruments SDT2960 simultaneous DTA-TGA. 
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Setup: 
 The new setup for the SDT2960 is shown in figure 2; where the pO2 sensor can 
be seen sitting next to an R-type thermocouple next to the sample arm; i.e. to measure 
the pO2 sensor temperature. The arm has four wires to measure the conductivity of a 
sample and a S-type thermocouple positioned underneath the sample.  
 
Figure 2: Representation of the new setup. 
All Connections are attached to a fixed board to minimise any vibrations that can affect 
the weight balance. These are taken out through a hole on the side of the meters housing 
to the different millimetres. The sample pan has an S-type thermocouple in the hole to 
measure the sample temperature. The counter weight can be changed when using 
heavier or lighter samples; also it can be moved in and out for smaller adjustments. 
 
Sample Pan 
pO2 Sensor 
Thermocouple 
Housing 
Connections Board 
Furnace 
Counter Wt. 
Wt. Meter 
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Pre-Cautions: 
 The new sample arm is very fragile; extra care should be taken when changing 
samples. 
 Handling the gold wires should be with minimum tension to avoid breaking them. 
 Do Notexceed1000oC when programming the furnace. 
 The YSZ tube/pO2 sensor is a very fragile tube and can be easily broken; handle 
with care. 
 The end of the sample arm at the meter housing is attached to very thin wires. 
Under no circumstances these shall be touched or objects are allowed to fall in. 
 When adjusting the counter weight; it must be handled carefully in order not to 
entice large changes to the weight signal. The weight meter is continuously 
adjusting the position of the arm to keep it in the flat/null position. 
 If the weight of the sample is too large for the counter weight; the machine should 
be turned off before changing it. Then turned on and the counter weight can be 
slightly moved in or out to make small changes. 
 Purging the furnace with pure hydrogen should be avoided; especially at very high 
temperatures. 
 Minimising the level of noise and vibrations is essential to obtain a sensible weight 
signal. Thus, operating the jig is preferred when there is less activity in the 
surrounding rooms. 
 Under no circumstances should the user attempt to replace or fix any components 
within the meters housing. Contact the administrator immediately if a fault 
arisesand/or in doubt of procedure.  
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OperationProcedure: 
1- Turn on the SDT2960, PC and the different meters on the side.  
2- Check all gas connections. 
3- Open the furnace by pressing the button on the SDT2960. Allow to stop 
automatically. 
4- Open the housing top lid/cover by unscrewing all the screws with the proper Allen 
key. 
5- Carefully remove previous samples by cutting the thinner gold wires coming from 
the sample. 
6- Place the new sample on the pan and carefully attach the wires using some gold 
paste. 
 
Figure 3: Sample in place on the arm. 
7- Contacts should be arranged accordingly to the chosen conductivity measurement 
technique; i.e. current input points and voltage measurement points.  
8- Leave the arm to stabilise for few minutes. Make any necessary adjustments to the 
counter weight on the other side; if the instrument shows an “out of range” sample 
weight reading.  
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9- The sample weight should read between 50-100mg on the instrument display. 
Note: This weight does not represent the actual weight of the sample. 
10- Make sure the function generator is supplying an adequate reading for the 
reference weight; typically between 0.1-1.5mg. Check by pressing the scroll 
button on the instrument panel. 
11- Make sure the pO2 sensor and its adjacent thermocouple are not touching the 
sample arm.  
12- Close the meter housing lid using the screws. Make sure not to apply high 
pressure at the beginning until all edges are aligned properly.  
13- Close the furnace by pressing the furnace button on the panel. Make sure to press 
the button again as soon as the furnace is pressed against the O-ring on the meter 
housing. Warning: Don’t leave the furnace pushing in for long time since it won’t 
stop automatically and it might burn the motor. 
14- Make sure the heating button is switched on.  
15- Start purging the chosen gas. Do not exceed 30ml/min as this might disrupt the 
weight. There are two flow meters at the inlet and exhaust of the furnace. 
Matching the two in terms of flow rate ensures there is a good seal.  
16- Make sure the software key (dongle) is attached between the computer and the 
SDT2960. 
17- Start the Thermal Advantage software. Make the necessary changes and make sure 
to click on the apply button after all changes/inputs. 
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18- Start the logTGA software. Choose a file name and folder. Make sure the triggers 
are reset; to avoid early termination. Choose the measurement type and input the 
different parameters. Make sure to press enter after changing the different settings; 
except for the ‘notes’ box where clicking away is sufficient. 
19- Click on the start button on the Thermal Advantage software to start heating the 
furnace. 
20- Once at an isotherm, allow time for the weight to show a stable signal; i.e. flat 
line. 
21- Make any desired changes to the purge gas by changing the connections between 
the different gas supplies. Depending on the sample, the time to see any changes 
can vary.  
22- After finishing a run; make sure to stop purging the furnace, check all 
connections, and check that both software programmes have stopped. 
23- Open the furnace and carefully remove the sample for the next user. 
24- Turn off all instruments from the mains after use.  
 
Note: Data should be interpreted carefully with this setup. Since the SDT2960 has no 
correction mechanism; taking note of points when any changes to the experiment take 
place is essential. Also, minimising noise and vibrations when the furnace is at an 
isotherm is important to pinpoint any weight changes that resulted from chemical 
changes of the sample.   
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Software 
1- TA Instruments-Thermal Advantage: 
This software controls the operation of the furnace and records the weight signal 
coming from the sample arm. A screen capture of the main window of the software is 
shown in figure 4, below.  
 
Figure 4: Screen capture of the TA Intruments Thermal Analysis software. 
There are three tabs within the main screen. The first is the summary tab where the user 
can input the sample name, comments, file name and location. The second tab is the 
procedure tab where a furnace program can be designed. The last tab is an extra 
information input screen. It is necessary before starting any run to apply all changes by 
clicking on the apply button before clicking on the start button at the top. 
Start 
button 
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TGA data can be viewed using the supplied analysis software by TA Instruments. Also, 
data can be exported into different formats to be used in other processing software along 
with the conductivity data.  
2- LabView-logTGA: 
The second software to control the new jig is the one shown in figure 5. This is 
mainly used to log all the different signals concerned with measuring the DC 
conductivity of a sample.  
 
Figure 5: Screen capture of the LabView-logTGA interface. 
Starting from the top left corner, the first input box is for the thickness or the correction 
factor of the sample under study. In the case of using the Van der Pauw technique, the 
user inputs the thickness of the sample in cm. On the other hand, if using the 
conventional 4-point DC conductivity setup, the user simply inserts the correction factor 
in this box.  
Next, there is a button where the user can switch between the VdP or 4-point 
techniques. Then, the notes box is for the user to insert notes into the data files. The ref 
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pO2 box is set to input the oxygen partial pressure inside the sensor; i.e. the pO2 
maintained in the tube by the oxygen buffer. On the top right corner is the stop button, 
which terminates the software along with the sourcemeter supplying the current to the 
sample. 
The last line of input boxes contains a logging speed trigger which controls how often 
the software logs a data point in seconds. The green light gives an indication if there is a 
good contact with the sample. Finally, the cut off settings which force the software to 
stop after certain number of hours and minutes, or below a certain temperature. The 
software has three real-time plots that show the conductivity, log pO2 and the pO2 
sensor temperature respectively.  
All data are stored into a text file in a tabulated form which can be easily extracted into 
any processing software. ALWAYS press the stop button on the screen to terminate a 
run. 
